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ABSTRACT 
The demand for rapid in vitro diagnosis (IVD) point-of-care testing (POCT) 
systems to be used outside of a traditional healthcare setting has been vastly 
expanding. Effective fabrication solutions need to be forward thought to satisfy 
miniaturized and heterogeneously integrated POCT.  
A holistic engineering approach to increase sensitivity of a miniaturised 
fluorescence detector for POCT systems was carried out. The study investigated 
how effective fabrication methods could deliver a better performance fluorescence 
detector (FD) to be well fitted in sophisticated and varying POCT systems. SLA and 
SLS were introduced in the study and evaluated through the measurement of 
surface texture of roughness with an Alicona Infinite Focus instrument. SLA was 
ultimately selected to produce a functional OFD through the validation with a 
selected fluorescence dye, i.e., Cy5. A limit of detection was reached of 1.209x10-10 
Mol to reach a certain level of IVD detection.  
In addition to this anisotropic wet etching was investigated as a portal into the 
development of miniaturised integration microfluidic FD. A case study was 
performed to compare the sensitivity of the FD’s design, manufactured and tested 
against another style of FD.   
The work creates an avenue of rapid screening POCT OFD fabrication solutions 
with a view on high performance and multi-functional detection systems not only 
in POCT, but also high-throughput (HTP) screening in life sciences and 
environmental applications. 
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CHAPTER  ONE              
 
 
 
INTRODUCTION  
 
“If you can’t explain it simply, you don’t understand it well enough.” 
- Albert Einstein. 
  
Chapter One. 
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1.1 Background of Research 
Modern detection systems have allowed for a number of diseases to be firstly, 
diagnosed and secondly, monitored with relatively non-invasive treatments. This 
has provided a platform for faster, more cost-effective and more robust 
techniques to be adopted. This has led to the medical world enhancing the 
effectiveness of treatment given, bringing better healthcare nearer to patients 
and therefore providing a higher social and economic benefit for all populations.    
Point of Care Testing (POCT) is also known as Near Patient Testing (NPT) (1, 2), 
both describe: the use of a device in order to carry out an analytical procedure; 
one that is performed away from a traditional laboratory setting. Currently, this 
is done primarily within a doctor’s surgery. However, the next generation of 
POCT devices, should be used by the patient, in the comfort of their homes. New 
functionalities and capabilities should be incorporated into the next generation. 
As such, the POCT device should be fully integrated and miniaturized, should be 
able to perform analytical procedures in real time and be robust and cost-
effective.  
As the understanding of POCT systems increases, it is becoming apparent that 
more and more devices are being placed onto the market. If the next generation 
of POCT devices entering the market are to be successful in patients’ homes, they 
must be of a smaller size than current existing devices, whilst also capable of 
providing reliable and accurate data acquisition. Patients with a chronic illness 
do not want to be faced with an over-sized desktop device to keep in their 
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homes. They want a discrete, portable device that may be kept in a drawer, 
cupboard, a pocket or handbag.  
Although there has been a considerable amount of research into POCT systems, 
there exists tremendous challenges and bottlenecks in the configuration for 
miniaturisation and integration to create robust, cost-effective devices with 
increased functionality and accuracy. The next generation of POCT systems 
entering the market must be: of a portable size, use small reagent volumes and 
capable of reliable and accurate data acquisition (at any discretion points 
outside of a traditional laboratory environment). This enables a move away from 
the current healthcare setting, which traditionally uses conventional, complex 
and large-scale equipment based primarily in hospital premises. 
This study presents a conceptual framework for the development of a holistic 
engineering approach to increase sensitivity of a miniaturised florescence 
detector for POCT systems. 
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1.2 Core Concepts 
The holistic approach taken for the multi-disciplinary research conducted can be 
separated into three core research areas: detection, manufacturing and POCT as 
the main application. Individually, they have been researched extensively, but 
little is known of the effects of a combined contribution. This has led to the 
question: can we use the knowledge gained in POCT, and combine this with key 
concepts from manufacturing and fluorescence detection, to produce the next 
generation of smart POCT detection systems with increased sensitivity?  
Throughout this study, there has been an emphasis on creating an application-
based solution – the application being POCT. With this in mind, techniques and 
ideas have been found to satisfy the application. Figure 1.2-1, shows the areas of 
research interest and where specifically the results are aimed at. 
 
Figure 1.2-1 Core conceptual research areas 
 
Manufacturing 
 
 
Application: point of 
care testing 
Detection 
Key area of interest 
for this study. 
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Currently, there has been a substantial amount of research into manufacturing 
techniques and also detection techniques. However very little has been 
developed in how to pull these disciplines together with the purpose of one 
application – POCT.  
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1.3 Aims and Objectives 
The aim of this study is:  
To provide background context of an in vitro Fluorescence Detector (FD) for 
POCT systems focussing on system sensitivity through the illustration of the 
importance of POCT systems. Thus, delivering a holistic engineering multi-
disciplinary approach to encapsulate key concepts in the design, manufacture 
and validation for a ‘proof of concept’ for a POCT fluorescence detector. 
This study also produces specific details for: simulations of configuration 
concepts, experimental set-ups and manufacturing procedures that were 
employed for this investigation. A comprehensive set of experimental results, 
together with full analytical interpretations to verify the applicability of the 
configuration of a FD for use within POCT systems, was validated through the 
understanding of systems sensitivity. From the aim, the following objectives 
were established:  
1. For FD engineering issues and limitations along with current needs, 
demands and solutions for POCT systems within today’s medical world 
are to be outlined (Chapter Two). 
2. Fundamental concepts of optics, fluorescence and detection, specifically 
those which relate to POCT for in vitro systems are to be understood for 
the context of this thesis (Chapter Three). 
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3. Optimisation of FD configurations to enable a highly sensitive 
fluorescence solution as well as fulfil any limitation of an application 
based upon POCT (Chapter Four).  
4. Scalable and cost-effective fabrication of such types of complex systems, 
through an additive manufacturing of two configured FD systems for in 
vitro POCT (Chapter Five). 
5. Combine miniaturisation and integration to produce a forward-thinking 
Microfluidic Fluorescence Detector (MFD) capable of integrating with 
microfluidic technologies both existing and forthcoming (Chapter Six). 
1.3.1 Contributions of Study 
Chapter One: introduces the background of the thesis and the area of which the 
research is applicable to. 
Chapter Two: reviews literature that has been published related to the topics 
discussed in this study. These topics are within: the integration and 
miniaturisation alongside manufacturing of an in vitro FD device for POCT.  
Chapter Three: describes the objectives of this study in the form of an 
engineering model to better enable a quantifiable conclusion to the research 
conducted.  
Chapter Four: covers the configuration consideration of the FD’s developed, in 
addition to the reasoning behind the decisions for them.  
Chapter Five: provides the details of manufacturing through additive 
manufacturing techniques to fulfil the configuration requirements discussed in 
Chapter One. 
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Chapter Four. In addition to this, the chapter also provides results of the FD’s 
when tested against selective fluorescein dye and Cy5 NHS ester dye.   
Chapter Six: introduces the next conceptual configuration of miniaturisation and 
integration combined with the anisotropic wet etching, to manufacture the next 
generation MFD. 
Chapter Seven: discusses a comparable fluorescence detection system, to aid the 
positioning of the research conducted and verify and validate the detectors 
discussed in Chapters Four through to Six. 
Chapter Eight: concludes the research completed and discusses concepts which 
could be further explored within future research. 
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1.4 Publications and Conference Papers 
The following publications and conference papers are related to this study:  
1.4.1 Publications 
Robbins, Hannah, et al. "Integrated thin film Si fluorescence sensor coupled with 
a GaN microLED for microfluidic point-of-care testing." Journal of 
Micromechanics and Microengineering 28.2 (2017): 024001. 
1.4.2 Conference Papers 
Hannah Robbins, Sijung Hu, Changqing Liu, “A Scalable engineering approach to 
improve performance of a miniaturised optical detection system for in vitro 
point of care testing”, Proc. SPIE 9320, Microfluidics, BioMEMS, and Medical 
Microsystems XIII, 932007 (5 March 2015); doi: 10.1117/12.2077526; 
https//doi.org/10.1117/12.2077526. 
H. Robbins, Changqing Liu, Sijung Hu, Tung Bui and M. Aoyagi, "Integration of a 
microfluidic chip with multiplexed optical fluorescence detector through 
anisotropic etching of Si using Tetramethylammonium hydroxide 
(TMAH)," 2016 6th Electronic System-Integration Technology Conference 
(ESTC), Grenoble, 2016, pp. 1-6.doi: 10.1109/ESTC.2016.7764496 
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CHAPTER TWO            
 
 
 
 
RESEARCH IN POCT  
 
“All truths are easy to understand once they are discovered; the point is to 
discover them” 
- Galileo Galilei 
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2.1 Principles of Optics 
This chapter gives a contextual explanation into the history and status of optics, 
detection, manufacturing, integration and miniaturisation as well of the broader 
world of point of care testing (POCT). 
2.1.1  History of Optics 
The timeline of optics began around 400 B.C where the concept of atoms was used 
by Democritus to explain the perception of colour (1). Aristotle in 350 B.C then 
rejected a theory proposed by Euclid (2) that explained that vision was simply a 
light ray emanating from the eye and touching an object (which we now know to 
be untrue).  However, in 300 B.C Euclid came back with the novel idea of 
rectilinear propagation of a light ray - which led to the law of reflections.  
Many other ideas developed from here such as: Seneca (around 30 A.D) described 
the magnifying effect of liquid.  Hero of Alexandria (around 60 A.D) wrote that 
light will always follow the shortest path, which led to the law of refraction. 
Sometime after, Ptolemy (around 120 A.D) wrote the observation of a small angle 
approximation, known today at Snell’s Law (3).   
It wasn’t then until Galileo in the 1600s built a telescope with magnification of 30x, 
that was based on the invention by Hans Lippershey, a Dutch eye glass 
manufacturer (4). Following this, research arose from names such as: Kelper 
(planetary motion), Willebrord Snell (Snell’s Law), Fermat (shortest propagation 
times), Francesco Maris Grimaldi (diffraction of light), Hooke (Hookes Law), 
Newton (spectrum of white light), Huygens (refraction and birefringence), Carl 
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Friedrich Gauss (mathematical description of lenses - Gaussian optics), Thomas 
Young (Interference principles), Gustav Kirchhoff (radiation law and contributed 
to spectroscopy, Faraday (polarisation of light in a medium by a magnetic field), 
Fizeau and Foucault (measuring the speed of light), Maxwell (wave theory of 
light), Ernst Abbe (optical images  in microscopes), Planck (quantum theory of 
light) and Einstein (photo-electric effect) (5- 7).  
2.1.2  Refraction, Reflection, Scattering and Absorption 
In the past century, there have been many breakthroughs in the area of optics and 
photonics. Photonics is a study that utilizes photons instead of electrons to store 
and transmit data. It has allowed for the merging of photonics and biology to 
create bio-photonics, in which light therapies are used within the medical world. 
Light is made up of two properties: it has both particle properties as well as wave 
properties. This means that light is thought of as both: an electromagnetic wave 
and a photon particle. As our understanding of how a light ray interacts with the 
world around it has developed, it has been seen that light has a high level of 
predictability to it. This allows researchers to assume a hypothesis of how light 
will travel and react in certain situations. Hence it could be shown that if a ray of 
light hits a mirror at an angle and then is reflected off it, the angle at which it is 
reflected off would match the initial angle of the ray that hit the mirror in the first 
place. Figure 2.1-1 below illustrates this more clearly.  
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Figure 2.1-1 Basic illustration of an incidence and reflected ray 
 One of the most important fundamentals to understand is how light interacts 
within different mediums - known as the law of refraction or Snell’s Law.  Snell’s 
Law describes how light reacts once it moves from one medium to another. This 
was discovered in 1621 by Willobrord Snell (8). The normal is perpendicular to 
the medium plane and the angle of the incidence ray is equal to the angle of the 
reflected ray. Equation 2.1-1 describes Snell’s Law (9): 
𝑛1𝑠𝑖𝑛 𝜃1  = 𝑛2𝑠𝑖𝑛 𝜃2  
Equation 2.1-1 Snell’s Law 
As light approaches a medium, the angle of the incidence ray will determine 
whether the light ray will be refracted or reflected. This is dependent on the 
critical angle of the system. The critical angle is the point at which none of the light 
ray is passed through to the second medium, but instead completely, internally 
reflected. This occurs at a different angle, depending on the two mediums the light 
is travelling from and into. Equation 2.1-2 can deduce the critical angle of any 
system.  
𝞱1 𝞱2 
Chapter Two. 
15 
  
𝜃𝑐 =  𝑠𝑖𝑛
−1( 
𝑛2
𝑛1
 ) 
Equation 2.1-2: Critical angle  
In detail, refraction occurs when propagating light travels from one medium to the 
next and encounters a change in refractive index. The change in refractive index 
causes a change in the speed the light ray is travelling, in turn this causes the light 
ray to ‘bend’ or change in direction.  
When a ray of light travels up to the edge of a medium change, there are three 
possible outcomes. Figure 2.1-2 describes the three possible outcomes. Firstly, if 
the incidence angle is smaller than the critical angle, the light will be refracted 
through into the second medium. Secondly, if the incidence angle matches that of 
the critical angle, then the light will be reflected 90 degrees from the normal. 
Lastly, if the incidence angle is larger than the critical angle, the light will be totally 
internally reflected.  
 
Figure 2.1-2 . (a) describes the angle of refraction, (b) describes the critical angle 
and (c) describes the reflected angle. The point of change of angle is at the 
medium change.               
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Absorption of an electromagnetic radiation is described by the way in which 
matter takes on the energy of a photon. Absorption is a key factor for a 
propagating light to reduce its intensity as it propagates through a medium, this is 
known as attenuation.  
Light scattering is a deflection of a ray from its original straight path, caused by 
irregularities in the medium properties such as a mismatch in refractive index or 
surface qualities. Scattering is also observed when particle-to-particle collisions 
occur. This can be between atoms, electrons, photons or other particle types. Two 
main types of scattering exist: elastic scattering and inelastic scattering. Elastic 
scattering, including Rayleigh scattering and Mie scattering, and occurs when 
negligible energy transfers happen. However inelastic scattering, such as Brillouin 
scattering and Raman scattering, incur an energy transfer.   
2.1.3 Lens Theory 
Most optical systems require a lens in order to focus the light onto a detector to 
collect any data that may have been transmitted through the system. A lens will 
bend light in such a way that at a fixed distance, known as the focal length, the light 
converges to a single point. The focal length of a lens can be calculated by Equation 
2.1-1.  
𝑃 =  
1 
𝑓
= (𝑛 − 1)[ 
1
𝑅1
 −  
1
𝑅2
+  
(𝑛 − 1)𝑑
𝑛𝑅1𝑅2
] 
Equation 2.1-3 Lensmakers Law  
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where: P = Power of the lens, f = Focal length, n = Refractive index of the lens 
material, R1 = Radius of curvature of the edge facing the light source, R2 = Radius 
of curvature of the edge facing away from the light source and d = The thickness 
of the lens. 
2.1.4 Jablonski Theory 
 
Figure 2.1-3 The Jablonski Diagram describing the possible states of excitation 
Up to now the focus has been on the wave like properties of light, however light 
can be described as a particle that has energy. In 1933 a physicist named 
Aleksander Jablonski proposed an idea that would describe three energy levels for 
luminescence (10). As time has passed and new physicists have added knowledge 
into the area, there is now a more comprehensive diagram named The Jablonski 
Diagram which describes the spectroscopies of light.  
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The Jablonski Diagram describes absorbance, fluorescence and phosphorescence.  
The purpose of the diagram is to describe the electronic states of a molecule and 
the transitions between them. Each molecule has the ability to absorb energy in 
the form of electromagnetic radiation. Once the energy has been absorbed, there 
are several ways in which the molecule can return to ground state.  
2.1.4.1 Electronic States 
There are a number of important electronic states (11):  
1. Ground State: This is non-excited state of a molecule. 
2. Excited State: As an electron absorbs sufficient energy to transition to a 
higher energy level. A molecule is created in an excited state.  
3. Singlet State: A singlet state occurs when a pair of electrons with opposite 
spins within a single orbital, cancels their resulting magnetic moments.  
4. Triplet State: A triplet state is when a pair of non-bonding electrons exist 
in separate orbitals with their electron spin parallel to each other.  
2.1.4.2 Radiative Processes  
The first of the radiative process is absorbance. Absorbance occurs when enough 
energy is given to an electron in order to excite it from a lower energy level to a 
higher one. The energy given to an electron in order to achieve this increase is 
given by a photon.  
Two other radiative processes are fluorescence and phosphorescence. As a 
molecule returns down to a ground state a photon is released, known as a photon 
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emission. If a photon emission occurs between states of the same spin (S2 ⟶ S1), 
then this is known as fluorescence. If there is a crossover of two electronic states 
during the photon emission, (S1 ⟶ T1) then this is known as phosphorescence.  
The principle of fluorescence detection is widely used in POCT detection systems. 
It is well known that various molecules can absorb energy at one wavelength and 
emit energy at another (with high efficiency) making fluorescence detection an 
advantageous choice for POCT applications (12).  
2.1.4.3 Non-radiative Processes 
There are three non-radiative processes associated with The Jablonski Diagram. 
After a molecule has been excited, there are different ways in which the energy 
can be dissipated, and the molecule return to ground state: internal conversion, 
intersystem crossing and vibrational relaxation.  
Vibration relaxation occurs when energy from a photon is given to an electron 
through vibration modes such as kinetic energy. Vibration relaxation occurs 
between vibrational levels, therefore in general, electrons do not change from one 
energy level to another. However, if electronic energy level and vibration energy 
level overlap, then internal conversion can occur.   
The least likely process to occur is known as intersystem crossing. This occurs 
when an electron changes spin multiplicity from an excited singlet state to an 
excited triplet state.  
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2.2 Principle of Detection 
2.2.1 Photodetection 
To develop a viable optical detection system, not only has the fundamentals of 
light got to be understood but also the way in which to collect the light for analysis.  
In more detail, when photons of energy greater than 1.1eV fall on a device, it is 
absorbed, and electron-holes are created. The lower the energy, the deeper they 
are absorbed in to the material. Once the two sides of a photodiode are connected 
electrically, a current will flow through the system.  
A photodiode has two important features that a researcher needs to know in order 
to make an informed decision regarding what type of photodiode to use in each 
and every scenario. Every photodetector has a responsivity, this is the ratio of 
generated current and incident optical power. Responsivity can be calculated by 
Equation 2.2-1 (where η = quantum efficiency, e = electron charge (1.6×10-19 C), 
h = planks constant (6.6×10-34 Js) and f = frequency of light). 
𝑅 =  𝜂 
𝑒
ℎ𝑓
 
Equation 2.2-1: Responsivity  
There are many different types of photodiodes that can be used as photodetectors, 
some of which are: 
1. PN: The first photodiode to be formed was a PN diode. In comparison to 
other newer developed photodiodes, the PN photodiode isn’t as sensitive. 
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However, a PN diode does not require a reverse voltage and therefore can 
be beneficial for low light applications, due to improved noise 
performance.  
2. PIN: The PIN photodiode is a common type of photodiode. Unlike the PN 
diode, it has a large depletion region when light conversion can take place. 
The PIN photodiode does require a reverse voltage and, in this case, it can 
offer better performance for a higher dynamic range for many applications.  
3. Schottky: This is unique as a photodetector as it can operate in two 
different modes: electron pair generation and emission of carriers. In 
comparison to PN junction photodiodes, Schottky photodiodes have a 
metal semiconductor junction to separate and collect the charge carriers. 
4. Avalanche: Avalanche photodiodes are often used in low light applications, 
due to their high levels of gain, however this does create a higher level of 
noise. To use an Avalanche photodiode a higher voltage is required, and 
thus higher noise levels are created. In addition to this, due to the process 
of the photodiode, the output is not linear.  
2.2.2 Assays  
2.2.2.1 Cyanine 5 Protein Dye 
A common fluorescence labelling dye, used for POCT and medical applications, is 
Cyanine 5 (Cy5) protein dye – often used for labelling proteins. Cyanine dyes have 
many advantages over other fluorescence dyes, such as the wide range of dyes 
available within the visible spectrum (13). 
Chapter Two. 
22 
  
 
Figure 2.2-1 The chemical structure of Cyanine 5 NHS ester. 
In terms of fluorescence properties, Cy5, has a known absorption wavelength of 
~646nm and an emission wavelength of ~669nm. Figure 2.2-1 shows the 
chemical structure of Cy5 NHS ester, which has a molecular weight of 616.19 and 
can be soluble in water. Cy5 NHS ester properties show an molecular extinction 
coefficient at the excitation maximum to be 250000Lmol-1cm-1 – the molecular 
extinction coefficient was needed when determining the concentration of a stock 
solution. 
2.2.2.2 Fluorescein 
Fluorescein is a fluorophore used most commonly in microscopy. Fluorescein is 
often used in healthcare applications such as: corneal abrasions, corneal ulcers 
and herpetic corneal infection.   
 
Figure 2.2-2 The chemical structure of fluorescein. 
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Figure 2.2-2 represents the chemical compound of the fluorescein dye used with 
medical applications. It has a molar mass of 332.31gmol-1, a density of 1.602g/mL. 
The optical properties of interest for this study are that fluorescein has an 
excitation wavelength of ~490nm and an absorption wavelength of ~515nm. 
Fluorescein is best prepared in a slightly alkaline solution around a pH of 8-9 as 
this creates a more stable solution with stable absorption and excitation 
wavelengths.  
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2.3 Current Research in Optical Detection 
Modern day detection now takes a different approach to collecting data. 
Traditional fluorescence spectrometry occurs within the wavelength range of 
250nm – 600nm; however, the detectors using such wavelengths tend not to be as 
robust as those using a Long Wavelength Fluorescence Detection Systems 
(LWFDS). LWFDS use wavelengths greater than 600nm; they have the potential 
to be used as a portable spectrometer as they can be manufactured to be small and 
robust using a simple battery as a power supply (14). Emphasis today is on 
developing imaging systems that are capable of detecting even the smallest of 
signals; this has led the way into the research of such techniques as Quantum dots. 
In a recent review into semiconductor quantum dots, it is feasible to use such 
techniques alongside other more popular technologies (such as fluorescence 
detection (15)) to produce results even at low concentrated biomarkers.   
More recently, fluorescence technology has been used for applications such as 
POCT. It is known that assays have two important wavelength properties: they 
absorb one wavelength and emit another (16). Fluorescence techniques can 
exploit this property for a wide range of medical applications, such as Multiplexing 
(17). Other breakthroughs founded from fluorescence technology include; the 
ability to image in the near infrared for the purpose of lymph node treatments 
(18), real time in vivo tracking (19) and imaging of the cellular processor within 
living tissue (20). 
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2.4 POCT Applications 
Photonics based health technologies are already broadly being used within the 
Health industry: for example, Pulse Oximetry – a non-invasive in vivo 
physiological monitoring technique that allows a patient’s haemoglobin 
saturation levels to be monitored (21). The principle behind the idea is that two 
wavelengths of light are passed through a patient and into a photodetector.  As the 
light passes through the patient, some of it is absorbed. This absorbance can be 
measured to determine the pulse rate of the patient. in vitro Diagnosis (IVD) uses 
photo captured immunoassays, including: fluorescence, chemiluminescence, 
absorbance and photo counting. These techniques are beginning to dominate the 
new wave of diagnosis.  
The development of methods and instruments to be used outside of a traditional 
healthcare setting has been rapidly expanding since 1988 (22). The Medical World 
has been increasing the need for rapid diagnosis, treatment and, ultimately, 
discharging of patients (23). The developments of POCTs have seen some of these 
challenges succeed; this has led the health care community to request more of its 
technology (24).   
Different types of current POCT Instruments can detect the following: allergies, 
bacterial infections, cardiac disease, diabetes, illicit drugs and viral infections.  
There are many advantages of using a POCT Instruments over having to use a 
laboratory-based system, these include: smaller reagent volumes, lower power 
consumption, rapid analysis and the integration of multiple devices (25).  There 
are numerous applications where POCT technologies are being used: within 
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emergency rooms (26), at patients’ homes, in doctors’ surgeries and even within 
the armed forces (27).  There are of course some limitations of using POCT 
instruments as well: tests may not be conducted by a trained medical expert and 
false reading may be missed. Often assay preparation can be more complex than 
when using traditional diagnostic equipment. Data management of POCT devices 
is more complex (28). One of the more profound limitations is device performance 
(29). Currently, traditional laboratory testing is well known and therefore the 
accuracy, reliability and robustness has been thoroughly developed.  
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2.5 Current Optical Detection POCT Systems 
Currently on the market there are several different POCT detectors. They can be 
split into three categories: monitoring, diagnostics and analysis. There is a vast 
amount of literature reporting on results collected from varying different POCT 
glucose monitors (30) or in Polymerase Chain Reaction (PCR). PCRs allow for the 
identification of biological samples, the most general form of detection of PCRs is 
through fluorescence detection (31).  Up until 2008, the most studied POCT device 
was the CoaguCheck (Roche Diagnostic, Manheim, Germany) (32). The 
CoaguCheck was developed as a portable prothrombin time monitor for patients 
on oral anticoagulant therapies, the device allowed the patient to measure and 
monitor their prothrombin time at home (33).  
One major issue that was found in a few different articles was the difference in 
using whole blood as opposed to blood plasma. The change in the two different 
types of blood produced an 11% ambiguity in the results published (34-36). This 
was seen particularly in the Glukometer 3000 which is based upon a multi-way 
glucose biosensor. Another device that took this issue on was the HemoCue WBC 
machine; it was developed as an alternative method for obtaining a patient’s full 
white blood count. The HemoCue was tested using both venous blood and also 
from a finger prick. It was observed that the results varied by <5% and it was 
concluded that the device was able to produce accurate results, no matter where 
the blood was drawn from on the patient (37). 
Table 2.5-1 shows a small proportion of the number of companies that are 
developing and manufacturing POCT devices.  
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Table 2.5-1 Current companies that are producing POCT devices 
Company 
Name 
Product 
Name 
Application Website 
Finecare Finecare 1 Laboratory, 
Cardiology, 
Respiratory, 
Infection, 
Paediatrics, 
 
www.wondfo.com 
Finecare 2 
Orla Saw 
Biosensor 
Infection www.oj-bio.com 
Samsung LABGEO PA20 Immunoassay www.samsungmedison.com 
LABGEO HC10 Haematology 
LABGEO PT10 Clinical Chemistry 
Siemens DCA Vantage Glycemic Control www.healthcare.siemens.com 
RAPIDLab 
RAPIDPoint 
RAPIDLab 
Blood Gas Analyser 
 
Biosurfit Spinit C-Reactive Proteins 
Blood Count 
Inflammation Panel 
www.biosurfit.com 
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2.6 Integration and Miniaturization in POCT 
Current integration and miniaturisation techniques have been focussed on: 
BioMEMS (38), microfluidics (39-41) or immunosensors (42). Biosensors 
originated from the research carried out in chemical engineering, the majority 
seen today are still based upon chemical or electrochemical sensors (43, 44). The 
idea behind a biosensor is to recognise the presence of an analyte and produce a 
signal; the analyte can be a bioactive chemical, biological species or even a 
microorganism. Biosensors are now being developed for the application of POCT. 
An optical immunosensor was developed to analyse an antibody assay for 
procalcitonin. The results showed that the immunosensor had a detection limit of 
0.088mgL-1 (45).  
Modern day biosensors are being developed to be portable and highly sensitive, 
among the most sensitive are optical biosensors (46,47). Biosensors are working 
towards a vision of portable care, to achieve this, most biosensors are now paired 
with Lab–On–Chip technology (48). Lab–On–Chip and Microfluidic Technology 
allow researchers to detect and identify cells and antibodies. A number of different 
optical techniques have been used and tested in order to achieve a working 
integrated sensor, such as: semi-conductor sensing, fluorescence life-time, and 
fluorescence spectrometry (49-52). 
Lab-on-chips or microfluidic chips have several advantages over traditional 
laboratory equipment, such as: it is possible to create a complete analytical 
microsystem with integrated functionality (53), they use small number of 
reagents in the region of 10-9 and 10-18 litres (54) and many are low cost with a 
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high throughput (55). New technologies are being developed for novel techniques 
to improve the sensitivity of microfluidics, such as: Hydrophilic coating film (56) 
or ZnO nano wire (57). 
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2.7 Advanced Manufacturing  
For this research, standards and regulatory frameworks are not being looked into 
in detail, but they do need to be appreciated. In the United States of America, once 
a medical device has been designed and manufactured, it must be reviewed by the 
Food and Drug Administration (FDA). This however, was not implemented until 
1976. This requires two different standards: premarket approval (PMA) and the 
510(k) process. These standards deem if the medical device is of low or moderate 
risk, allowing it to go into production and be used in the market (58, 59). 
Within the medical world, detection systems are now being used to help in the 
development of personalised manufacturing. In 2010, thirty-three foetuses were 
scanned using a three-dimensional ultrasonography (3DUS), a MRI scanner and 
also a CT scanner. The files where then manipulated to be placed into a 
Stereolithography machine which produced a physical model of the foetuses (60). 
An issue in the research is maintaining accuracy within the model, particularly 
during the manipulation from scanned images into usable 3D CAD files. This 
research topic is not interested in the fine detail of an image to be then converted 
into a CAD design. It is however concerned with finding an appropriate 
manufacturing process that will keep any manufactured part to within tolerances.  
Current demands of industry have promoted the research and development of 
new manufacturing techniques to cope with consumer’s needs. General Electric 
(GE) decided to investigate Additive Manufacturing to produce a fuel nozzle using 
laser 3-D printing rather than casting and welding (61). Although the idea is still 
a paper concept, GE is hopeful to revolutionise complex high-performance 
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products.  If an application-based approach is taken, then within the medical 
world, manufacturing of medical devices will use only a few manufacturing 
techniques.  Additive Manufacturing is currently leading the way (62-64). 
There are other forms of Additive Manufacturing being used today, including: 
Ultrasonic Consolidation Process and Laser machining. Laser machining has been 
used for: creating microstructure medical implants (65), machining high aspect 
nano scale holes from fused silica (66) as well as for tool making (67). Ultrasonic 
consolidation works by using ultrasonic oscillations to create a normal force 
against layers of metal foil. This creates a shear stress which welds the layers 
together (68). All additive processes rely on a CAD design which are sliced into 
layers and manufactured layer by layer.  
Stereolithography is not a new concept, it was introduced in the 1980s (69) as a 
solid freeform technique. However, it is still a very versatile fabrication technique 
used to create accurate models in a number of different materials. An example of 
how Stereolithography has been used to revolutionise a new technology is in the 
development of Lab-On-Chips. Traditionally microfluidic chips were made using 
moulded and bonded PDMS, however this is too slow for a commercial process 
(70, 71). Stereolithography has been used to aid a large amount of research within 
Loughborough University (72). The research has enabled innovative products to 
be prototyped in a cost-effective way.  
As technology moves forward, research into the production of micro parts has 
become a theme in industries such as: electrical and medical (73). Traditionally, 
micro forming has been used for applications such as manufacturing pins for IC 
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carries, micro connectors and also medical implants (74-76).The latest in micro 
forming has seen glass being used to produce waveguides. This has led to the 
development of an optical fibre that can expect very low losses of 1.0dB 
attenuation (77). A challenge for micro forming processes in the future is to 
develop new technologies that allow industry to use micro forming, to keep up 
with the manufacturing demands of micro products (78). 
Alongside micro forming, there are a number of other manufacturing techniques 
that have been developed to cope with the increasing need for stricter tolerances 
within micro, or even nanometre scale parts. A technique that can be used for 
nanometre scaled designs is Hot Embossing (79). Hot Embossing Lithography 
produced results in patterns as small as 50nm (80). Microfluidics have been 
manufactured through such techniques. For this application, it has been seen that 
Hot Embossing of a 100μm feature was produced with only a 2% tolerance (81). 
A similar process is Roll to Roll processing. Roll to Roll is a process for producing 
electronic devices on flexible plastic or even foil (82).  In recent literature, Roll to 
Roll manufacturing is being integrated into the manufacturing of microfluidic 
control systems for use with micro particle assays (83, 84).  
A technique that can be paired with Roll to Roll manufacturing is Nanoimprinting 
Lithography (85). Nanoimprinting has been used in several applications from 
optics to biological. In the case of photonics, it has been used to manufacture 
grating filters and anti-reflective surfaces (86). Another medical application for 
Nanoimprinting is within regenerative medicine where it is used to create nano 
scaled patterned surfaces (87). 
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Another technique is Injection Moulding. This has become a viable manufacturing 
process over the years and has had many industrial applications. Today the 
technique has been adapted for use in micro plastic parts (88). There are many 
requirements for developing microstructures: large scale replication, cost 
effectiveness and high aspect ratios – all which injection moulding meet (89).  An 
issue, though, with injection moulding is preventing incomplete mould filling. This 
can be caused by an error in temperatures or even incorrect pressures from 
tooling (90).  
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2.8 Summary  
There are several challenges that must be overcome in order for this work to 
produce a unique research project. These can be separated into two sections: 
manufacturing challenges and optical challenges.  
For the majority of detection systems, it is a light source that is needed in order to 
excite a sample under the test. More often than not, the light or excitation source 
should produce a specific wavelength that closely matches that of the excitation 
wavelength of the sample. It is important that the closer the wavelength of the 
excitation source is to the excitation wavelength of the sample, the better the ratio 
of useful information to background noise is. Commonly used today are: light - 
emitting diodes (LED) and laser diodes (LD). 
However, there are many different manufacturing processes available in order to 
produce a medical device. The challenge that faces the researcher is developing a 
process that will maximise the performance of a miniaturised optical detection 
device, without compromising the accuracy of the product. Consequently, the 
main areas of concern are: tolerances, material selections and temperature.  Every 
effort has to be made to develop a device that can reproduce reliable results every 
time. Movement within the optical layout will have an effect on the results 
produced. If a material chosen shows stress under different temperatures, this 
will change the reliability of the results.  
The initial hypothesis that optical florescence appears to produce robust, highly 
sensitive results has been reinforced. After this stage of the project, it would prove 
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beneficial to design a device that works through this method. The ability to 
differentiate between the excitation and the emission wavelength means that the 
device can be miniaturised, without the loss of sensitivity that would compromise 
results.  
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 CHAPTER THREE            
 
 
 
 
 
 
ENGINEERING MODEL  
 
“It is not the strongest of the species that survive, nor the most intelligent, but 
the one most responsive to change.” 
- Charles Darwin 
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3.1.  Holistic Engineering for Fluorescence Detection 
An engineering model can be used to identify the challenges, interactions and 
indicate an engineering solution. The interpretation of an engineering model with 
solutions as a holistic model, provides a clear pathway to investigate.  
The purpose of this chapter is to arrive at a Holistic model for fluorescence 
detection that describes the effect on sensitivity of manufacturing, design, optical 
modelling, and assembly and through to final validation and verification. To build 
a structured approach to modelling, inevitably some simplicity must be brought 
forward through making several assumptions such as the predictability of light 
and the scattering effects of fluorescence emission.  
To be able to validate and verify a fluorescence detection system, the definition 
and understanding of engineering methodology for verification and validation of 
a fluorescence detectors performance must be understood for the requirements 
of in vitro point of care testing (POCT). This chapter aims to determine what 
verification and validation means in terms of the Holistic engineering approach to 
increase sensitivity of a miniaturised florescence detector for POCT systems. A 
holistic model is used to describe a method of understanding the complex 
relationships between each element of interest and the effects it has on the overall 
sensitivity of the FD, and therefore the success of the outcome. As referred to in 
Chapter One, the study looks at the relationship and interaction between detection 
methods and manufacturing for an application based approached.  
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This multidisciplinary engineering research requires an understanding of the core 
element of interest and how that relates to the wider POCT environment. Without 
such boundaries, the breadth of knowledge is gained without sufficient depth of 
knowledge. By understanding a wider environment, exploration can be effective 
in the wider research area. In the case of POCT applications, a wider environment 
would include (but not exclusively): the end user (the patient); the medical world, 
as well as current and trending technologies.  
3.1.1 Holistic Engineering Elements 
Holistic Engineering refers to addressing a whole problem and not just one single 
element. It also refers to how each element affects the others. Often a holistic 
approach requires multi-disciplinary knowledge in order to consolidate into one 
solution.  
The Holistic engineering approach taken for this study, combined three primary 
elements: detection, manufacturing and the application of POCT, as shown in 
Figure 3.1-1.  
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Figure 3.1-1 Holistic primary elements models. The three primary areas of 
concern for this study. 
Each of the primary elements can be further broken down into secondary 
elements for further investigation, as shown in Figure 3.1-2, Figure 3.1-3 and 
Figure 3.1-4.   
Holistic 
Factors
Application of 
POCT
Detection
Manufacturing
Primary Elements
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Figure 3.1-2 Secondary elements of interest linked to the application of POCT 
Figure 3.1-3 Secondary elements of interest linked to detection 
Figure 3.1-4 Secondary elements of interest linked to manufacturing 
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Application
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Within the application of POCT there are multiple elements making up the primary 
elements that integrate to form the core secondary elements, these elements 
demonstrates the key focus of the holistic approach taken. Each one of the 
secondary elements, within the holistic engineering procedure for a FD system, is 
a collection of elements that combine their resources and capabilities together to 
create a more complex understanding of the holistic factor of interest.  
For this study, contributions were made for each of the secondary elements.  The 
following aspects are considered as the key steps to achieve a holistic engineering 
approach for a FD.  
1. Physical configuration of POCT FD, 
2. Optical layout of FD, 
3. Physical variation of FD materials selection, 
4. Manufacturing of FD components, 
5. Assembly of FD system for POCT, 
6. Excitation sources and optical sensors of FD Optoelectronics, 
7. Data collection and processing for fluorescence measurement. 
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3.2. Holistic Engineering Approach 
A holistic engineering approach can be defined as taking a systematic approach to 
reach a desired solution to an engineering problem. This is the case for this study 
once the engineering problem had been defined, the holistic engineering approach 
was divided into five sequential steps, as shown in Figure 3.2-1.  
 
Figure 3.2-1 The five sequential steps for a holistic engineering approach 
to answer the research aim of this study.  
3.2.1 Holistic Simulation and Design  
In the case of this study, simulation and design were closely studied together with 
many iterative cycles. There were two main questions to answer within this phase; 
Is the simulation of the design correct and is the design of simulation correct? To 
simplify answering these questions, the problem was broken down into four sub-
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questions, shown in Figure 3.2-2. The starting block of this study was to 
understand what exactly was to be detected by the FD’s. From this point all other 
questions could be answered. A flow of decisions was made starting from the point 
of the assay.  
 
Figure 3.2-2 A schematic of simulation and design decisions made for the 
POCT FD’s 
Although selecting the correct excitation source, or detector type does affect the 
sensitivity, the major controlling factor for component detail is what the sample is 
going to be. In this study, several different assays and fluorescence samples were 
used: Fluorescein, Cyanine 5 Protein Dye, and Streptavidin with Biotinylated 
antibody conjugated beads. Each assay used had different fluorescence properties 
and therefore required slight adjustments to the components selected for each 
detector and thus this affected the simulations and design of the FD’s. Once the 
•What is going to be tested?
•Fluorscein, Cyaine 5, Streptavidin and BiotinylateAssay
•What wavelength will be tested?
•λ = 470nm, λ = 450nm, λ = 635nm and λ = 650nmIllumination
•What filters will be tested?
•510nm 20nm CWL Filters and 655nm 24nm Bandpass Filter Transmission
•What photodetectors will be tested?
•OPT301M Photodiode and BPW 21 Full Spectrum Si 
PhotodiodeAbsorption
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assays had been chosen, then the next most important question concerned the 
illumination source.  
When comparing a LED to a Laser Diode, there are a few considerations to make; 
what light is required, coherent or incoherent? How specific does the wavelength 
need to be? and of course cost? A Light Emitting Diode (LED), is just that, a diode 
that when an electrical current passes through it emits light. A Laser Diode is 
similar as it is also a type of p-n junction diode but differs in that a Laser Diode is 
electrically pumped through an active medium. Unlike LED’s, Laser Diodes 
produces a wave of light that is in phase, this is known as coherence. The 
important difference for the design of the FD’s, was the difference between the 
light divergence of each illumination source. For example, a LED produce light that 
has a wide beam divergence whereas a Laser Diode emits converged light rays. So, 
for an optical system which requires greater control and sensitivity, a converging 
light source would hold greater benefit. However, laser diodes are of a higher 
complexity to use, and therefore these factors played a role in the decision of 
which was best for this specific application, as discussed in Chapter Five.  
The transmission phase of the FD’s was there to enable only the wavelengths of 
interest through and into the absorption phase of the FD’s. The question was what 
filters would allow the correct wavelengths through and at the same time block 
any unwanted light. There are many filters available and many have different 
bandwidths of wavelengths that can pass through them. The smaller the filter 
bandwidth the smaller the range of wavelengths of light that can travel through. 
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However, it is important to choose a bandwidth that accepts the emission photons 
from the assay through it.  
Once the emission photons have travelled through the transmission phase, they 
will then arrive in the absorption phase of the FD’s. The most common 
photodetector used is a photodiode; the basic principle of a photodiode is that a 
voltage is created across a P-N junction of a semiconducting material. This voltage 
is created when the P-N junction is exposed to photons. Again, the critical point 
here is to ensure that the photodiode can detect the correct wavelengths that 
match the emission photons wavelength from the assay being detected.  
3.2.2 Holistic Manufacturing  
Once the simulation and design element of the holistic approach had been 
completed, considerations towards the manufacturing approach were focused on. 
The main question to answer was is the manufacturing correct? Once more, a flow 
of decisions was made for the holistic manufacturing approach for the FD’s, as 
seen in Figure 3.2-3. 
Manufacturing processes chosen for this study were based on additive 
manufacturing as well as anisotropic wet etching. Both processes are repeatable 
and can be used to develop mass production through-put. The manufacturing 
processes investigated were based upon the ability for the initial prototyping 
manufacturing that was needed. These may not be the final solution, but they 
allowed for a proof of concept for the holistic engineering approach.  
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Figure 3.2-3. A schematic of Manufacturing decisions made for the POCT 
FD’s 
Manufacturing sensitivity could be understood as a product of the processes 
chosen. Therefore, it is critical to find the correct process to start with, based on 
material and then tolerances. When choosing the correct material, this is 
somewhat constrained by the process chosen to manufacture the FD’s - however, 
there are considerations to be made: should the material reflect light or refract 
light? And what tolerances are considered acceptable for the simulations and 
design? 
By choosing a material that refracts the designer is assuming that the fluorescence 
emission can travel in a straight path towards the detector. However, by choosing 
a reflective material the designer is allowing for non-direct light rays to travel 
towards the detector as well.  
It is essential for miniaturisation that the material and manufacturing tolerances 
are within an acceptable range. If the optics within the FD’s are not positioned as 
•What processes were used?
•Stereolithography, Selective Laser Sintering and 
Anisotropic Wet Etching
Process
•What Materials were used?
•Accura 60 Polymer, PA 2200 Polymer and Single 
Crystal Silicon
Materials
•What tolerances were acheived?
•mm range, um range and nm rangeTolerances
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designed, then the ray path of the excitation and emission photons will not be as 
simulated. In this case the FD’s will not respond as desired.  
3.2.3 Holistic Quantification  
The final stage of the holistic engineering approach is to quantify, validate and 
verify the work that has been completed. The aim here is to answer the following 
questions: have the requirements been met? Was the system built correctly? And 
finally, was the correct system designed? Once more, a flow of decisions was made 
for the holistic quantification approach for the FD’s, as seen in Figure 3.2-4. 
 
Figure 3.2-4 A schematic of the quantification decision made for the POCT 
FD through validation and verification. 
Validation and verification were achieved through the measurements of; the limit 
of detection, linearity of the intensity FI to the dye concentration C, as well as the 
dye spectral response. Each assay was firstly validated through the use of a UV 
Spectrometer. The purpose of this was to evaluate the wavelength that gave the 
maximum absorbency for each assay. Once this had been measured all design 
work was then based upon these figures. Prerequisites of fluorescence detection 
•What measurements were taken?
•Limit of Detection, Linearity and Spectral Response
Validation  
Verification
•How were the measurements taken?
•Electronics, National Instruments DAQ and Arduino 
UnoElectronics
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as discussed in Chapter 2, Aleksander Jablonski (1) proposed the idea of 
fluorescence covering three different energy levels and interactions, which 
describe the spectrometry of light. For POCT the principle of fluorescence 
detection is simple - if enough energy is passed through a sample, a fluorescence 
emission photon is emitted. However, there are some considerations to be made; 
the fraction of a parallel beam of light absorbed by a sample is independent of the 
intensity of the incident beam and is related to the concentration of the absorbing 
species by the familiar Beer-Lambert Law.   
 
Figure 3.2-5 A diagram to show how fluorescence spectrometry works, 
were I0 is the intensity of the incidence light, I is the intensity of the 
transmitted light and FI the intensity of the fluorescence emission. 
𝐼𝐹 =  𝐼0 − 𝐼 
Equation 3.2-1 Intensity of absorption = IF 
𝐴 =  𝑙𝑜𝑔10  
𝐼0
𝐼
 =  𝐸c𝑙 
Equation 3.2-2: Beer Lambert Law. 
The Beer Lambert Law in Equation 3.2-2 shows that A is the absorbance or optical 
density of the sample I0 is the intensity of the incidence light, I is the intensity of 
I0 I 
FI = 𝐼𝐹𝜙𝑓 
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the transmitted light 𝐸 is the molar extinction coefficient, c is the concentration of 
a sample and l is the path length; therefore, it can be said that:  
𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑎𝑛𝑐𝑒 (𝑇) =  
𝐼
𝐼0
 
Equation 3.2-3 Transmittance Coefficient. 
As the concentration of the sample decreases a decrease should be observed in the 
detected fluorescence emission. This relation relates the intensity of fluorescence 
emission of weakly absorbing, dilute samples to the molecular extinction 
coefficient, explained in Equation 3.2-4: 
𝐹𝐼 =  𝐼0(2.303 𝐸𝑐𝑙)𝜙𝑓 
Equation 3.2-4 Intensity of fluorescence emission  
where E is the molecular extinction coefficient, c is the concentration of the sample 
and l is the path length of the sample and ϕf is the ratio of emitted photons to 
absorbed photons, as known as the quantum yield. Equation 3.2-4 can be derived 
through the relationship of the Beer-Lambert law and the transmission coefficient. 
There are three aspects to deriving the intensity of fluorescence emission; I0 the 
intensity of the incidence light, I the intensity of the transmitted light and IF the 
intensity of absorption.  
𝐼𝑜
𝐼
=  10𝐴          
Equation 3.2-5  The relationship between I0 the intensity of the incidence 
light, I is the intensity of the transmitted light.                   
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This can be re-written as: 
 𝐼 =  𝐼010
−𝐴 =  𝐼0𝑒
−2.303𝐴 
Equation 3.2-6 Shows a rewritten Equation 3.2-5. 
When low concentration of fluorescence dyes or assay are diluted then an 
approximation of the intensity of fluorescence emission can be made, through the 
Taylor series.  
𝑒−𝑥 = 1 − 𝑥 +  
𝑥2
2
−  
𝑥3
6
… 
Equation 3.2-7 The Taylor series for an exponential function 
When the absorption level is low, x becomes small, then everything in the Taylor 
series including and after x2 may be ignored. It is then true that for low 
concentration of fluorescence dyes that exhibit low absorbance, then 
𝑒−𝑥 ≈ 1 − 𝑥 
Equation 3.2-8 The Taylor series for an exponential function with relation 
to low concentration of fluorescence.  
The final part of the derivation is to describe IF from Figure 3.2-5. 
𝐼𝐹 ≈  𝐼0 (1 −  𝑒
−2.303𝐴)  
Equation 3.2-9 Approximation of IF Intensity of the absorbed light, as 
shown in Figure 3.2-5 
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𝐼𝐹 ≈  𝐼0 (1 − (1 +  2.303𝐴) ) 
Equation 3.2-10 Equation 3.2-8 substituted into Equation 3.2-9. 
𝐼𝐹 ≈  𝐼0 2.303𝐴 
Equation 3.2-11 The approximation of I through the Taylor series 
𝜙𝑓 is a constant for any given system or assay.  The more photons absorbed from 
I0 that are converted into a fluorescence emission FI then the greater 𝜙𝑓 would be. 
Yet, there are many factors that affect 𝜙𝑓 , two of the main factors are; the ability 
of the assay to absorb energy from I0 and the overall sensitivity of the device being 
tested for fluorescence detection.   
𝐹𝐼 =  𝐼𝐹𝜙𝑓 = 𝐼0(2.303 𝐴)𝜙𝑓 
Equation 3.2-12 The derived intensity of fluorescence emission equation 
through the relationship of I0, IF  and the Taylor series.  
Thus, a plot of fluorescence intensity versus concentration of the dye or assay 
should be linear at low concentrations. When A is great enough, the higher order 
terms in the Equation 3.2-7, cannot longer be omitted, and the linearity of the 
relationship is no longer true. One other factor that can affect the linearity of 
Equation 3.2-12, occurs when the wavelength of emission overlaps the 
wavelength of absorption. This is due to the fluorescence emission passing 
through the solution and being reabsorbed by other fluorescent molecules. 
In the case of this study both Cy5 and Fluorescein were used to determine the 
sensitivity of each FD through the measurement of linearity as well as the limit of 
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detection. In both cases the molar extinction coefficient for both Cy5 and 
fluorescein used was: 250,000cm-1Mol-1 and 70,000cm-1Mol-1 respectively.  
Typically, the quantum yield for both Cy5 and fluorescein is expected to be within 
the region of 20% – 30%. 
3.2.4 Sensitivity within Spectrometry 
Sensitivity of the UV-VIS spectrometry is relatively simple to define. This is due to 
there being an absolute unit of measurement, known as absorbance. In the case of 
this study fluorescence spectroscopy is used for inherent sensitivity and therefore 
the sensitivity can be measured through the comparison of an individual 
instrument’s performance with standard fluorescence spectrophotometer. The 
definition of sensitivity within a spectrometer is usually defined by the 
quantifiable value of absorbance. However, for fluorescence detection there is a 
relevant response, i.e.  optical intensity   – this yields too many different definitions 
of sensitivity within fluorescence detection. Typically, there are three main factors 
affecting sensitivity: 
1. Signal to noise ratio (SNR) (2): Typically, ‘Signal to Noise Ratio’ is the 
comparison between the level of the desired signal to the background noise 
around it. When the ratio is higher than 1:1, it can be stated that the signal 
is stronger than the noise of the instrument under certain conditions, 
measured through the characterisation of the instrument itself. 
2. Limit of detection (LOD) (3): The limit of detection is the ability to trace 
minimum concentration vs. fluorescence emission yield. Thus, it is the 
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minimum concentration that can provide a detectable fluorescence 
emission.  
3. Spectral responses (SR) (4): The spectral response is measured by 
optically characterising selective fluorescent dyes; i.e. Spectral properties 
of the specific sample or material, i.e. quantum yield, extinction coefficient. 
This is independent of the instrument being used. By measuring the 
spectral response of the assay’s, the absorption (excitation) thus the 
fluorescence (emission) wavelengths can be determined.  
Within this study, both linearity and limit of detection were used to characterise 
the performance of each FD. For this study in each case the linearity was 
determined using the statistical measurement of the variance of each data point 
to the fitted regression line (R2).   
Regression lines are used to depict the relationship between two plotted variables 
on a graph. If the plotted line is straight, then this shows the data has a linear trend. 
The closer R2 is to unity, then the better the fit of data. The better the fit of data is 
the better the representation of the relationship of the two plotted variables. In 
the case of this proof of concept study, R2 is known as the linearity – whereby 
100% represents a model that explains a perfect linear trend between the 
photodiode output (volts) and the assay concentrations (Mol).  
The limit of detection for chapters five and six was purely based on the 
concentration that was detectable for the FD. Chapters five and six were used to 
prove the how a holistic engineering approach can increase the sensitivity through 
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the detection of a fluorescence assay. The limit of detection was established as the 
smallest concentration that the FD or MFD could detect.   
Scattering can be a concern for the sensitivity of the spectral response and, if 
considerations are not made to reduce such scattering effects the sensitivity of the 
overall performance of the instrument can be dramatically lowered. Two forms of 
scattering can produce these effects: Rayleigh-Tyndall scattering and Raman 
scattering - scattering effects are not limited to these two types exclusively.  
Rayleigh-Tyndall scattering occurs from either the molecules themselves 
(Rayleigh scattering) or from small particles in colloidal suspension (Tyndall 
scattering). The scattered light mixes with the fluorescence emission to give false 
results. In Rayleigh scattering the incident energy is converted into vibrational 
and rotational energy. The result is a weak emission, which may interfere with the 
fluorescence of the sample.  Raman scattering is only a concern at very high 
sensitivity as the phenomena is very weak and often not seen at lower 
sensitivities.  
Issues with sensitivity can be accounted for or reduced by understanding the 
optical layout requirements such as illumination source selection, wavelength 
selection and detection and sample penetration.  
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3.3. Factors of Sensitivity for Fluorescence Detect ion 
Each of the holistic factors have been broken down into their primary and 
secondary elements. As discussed previously, there are three main factors of 
sensitivity quantification; linearity, limit of detection and spectral response. 
Figure 3.3-1, Figure 3.3-2 and Figure 3.3-3 show the level of the effect each 
sensitivity factor has of the holistic elements of interest.  
 
Figure 3.3-1 The effect the application of POCT has on the three main 
factors of sensitivity. 
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Application Limits
Integration and 
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Figure 3.3-2 The affect the detection has on the three main factors of 
sensitivity. 
 
Figure 3.3-3 The effect of manufacturing has on the three main factors of 
sensitivity. 
As expressed in Equation 3.2-4, the fluorescent emission F1 is mainly dominated 
by 1) I0 the intensity of the incidence light and 2) ϕf the ratio of emitted photons 
Secondary Elements Primary Element 
Sensors and 
Sources
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to absorbed photons, when the fluorescence dye is selected E, the concentration c 
of the dyes is determined, and the pathlength of cuvette l is fixed.  
3.3.1 Application of POCT 
3.3.1.1 Integration and Miniaturisation of FD system for POCT 
Integration and miniaturisation has one of the biggest effects on sensitivity than 
most other factors. Miniaturisation means smaller devices with smaller amounts 
of assays to detect. It also means smaller components with smaller tolerances for 
position and output.  
3.3.1.2 Application Limits 
As discussed previously, this study is centred around point of care testing 
technology. By proxy this sets certain limits to the holistic engineering approach 
that can be taken. Such limiting factors as being: portable, rapid and benchtop add 
complexity into the approach that affect the overall sensitivity.  
The term multiplexed can be used for a number of different scenarios within the 
medical world. Multiplexed detection can be classified by: a detection system that 
can simultaneously measure multiple analytes in a single cycle of the assay. 
Currently, single-plexed detection of a single protein (typically ELISA) is robust 
and well developed; however often more information is needed that a single 
detection cannot offer. The overall purpose of single-plexed and multiplexed 
detection is to accurately quantify detector levels of the signal through directly 
looking at the output of the photodetector used. 
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The application limits will influence both the incidence light and the ratio of 
emitted photons vs absorbed photons.  
3.3.2 Fluorescence Detection  
3.3.2.1 Physical Configuration of FD  
The physical configuration of a FD considers the ray path the excitation wave will 
take to the fluorescence sample, as well the ray path of the emission wave through 
the FD. This does not concern the strength of the excitation or emission wave, but 
purely the path they will take. The physical configuration will only affect the 
incidence light and not the ratio of emitted photons vs. absorbed photons.  
3.3.2.2 Optical Layout of FD, 
There are three different optical layouts that are used in fluorescence detection as 
indicated below.  
1. 90-degree layout. The illumination source is perpendicular to the 
photodetector (as seen in Chapter Six). 
2. In line layout (as seen in Chapter Seven). The illumination source is parallel 
to the photodetector, normally using a pinhole and filters.  
3. A variation of both a parallel and perpendicular layout, whereby the 
illumination source is at a defined angle to the photodetector (as seen in 
Chapter Four & Five). 
The optical layout considerations are coupled with the fluorescent dye and its 
position, in the case of sensitivity. 
Chapter Three.  
71 
  
3.3.2.3 Excitation Sources and Optical Sensors of FD Optoelectronics 
The spectral response is heavily dependent upon the type of fluorescent dyes and 
the molecular extinction coefficient.  It is critical that the excitation source with a 
certain wavelength is closely matched to the maximum wavelength of absorbency 
of the selective fluorescence dye. Once this is matched a fluorescence emission will 
be released. In addition, the photodetector should have a corresponding spectra 
response at the emission wavelength of the fluorescence dye.  
3.3.3Manufacturing 
3.3.3.1 Manufacturing Processes of FD Components 
The manufacturing tolerance of FD components could directly affect the accuracy 
of FD with the positions of the excitation source and the optical sensor.   
3.3.3.2 Material Selection 
Material properties such as thermal expansion, material type or reflectivity could 
affect the optical path from the illumination source or the sample location. Three 
specific material types were used within this study: a liquid polymer, a plastic 
powder and single crystal silicon. Each material had different optical properties 
as discussed in Chapter Five and Six.   
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3.4.  Summary 
The purpose of this chapter was to arrive at a fluorescence detection holistic 
model that describes the effect on sensitivity from manufacturing, design, 
simulation and assembly through to final validation and verification. This has been 
achieved through: 
1. Outlining how a holistic engineering approach that has been taken, by 
defining the primary and secondary elements of the holistic factors that 
were investigated throughout this work. A detailed explanation of the three 
main areas of where a holistic approach was taken and how this was 
achieved has been described.  
2. In addition to this the three sensitivity factors of interest for this study have 
been outlined. Details of each of these factors and why they have been used 
has also been explained. 
3. The final achievement of this chapter is the definition of the effect each of 
the holistic factors has on each of the sensitivity factors, this can be seen in 
Figure 3.4-1. 
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Figure 3.4-1 The holistic engineering approach model to describe the 
elemental effect on sensitivity  
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CHAPTER FOUR           
 
 
 
 
DESIGN CONFIGURATIONS FOR A 
FLUORESCENCE DETECTO R 
 
“Anybody who has been seriously engaged in scientific work of any kind realizes 
that over the entrance to the gates of the temple of science are written the words: 
'Ye must have faith.'” 
-Max Planck 
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4.1 Introduction 
In this chapter, a conceptual design configuration for a fluorescence detector (FD) 
is studied. As discussed in Chapter 2, a major driving force for a specific FD is that 
a new opto-electrical layout must be designed allowing for agile, accurate testing 
for POCT applications. The FD considered in this chapter has been developed to 
encapsulate this idea and would be well suited to be used within a core module 
for existing and forthcoming fluorescence based optical instrumentation. The 
opto-electrical layout has also been developed such that it would allow for future 
integration of new developments.  
The demand for rapid screening technologies has been vastly expanding outside 
of the traditional healthcare setting. This has required new engineering platforms 
to provide faster, more cost-effective techniques to be implemented through 
forward-thinking manufacturing procedures. Advanced miniaturisation and 
heterogeneous integration of high performance microfluidic based POCT systems, 
are becoming more and more popular whilst table-top detection systems are 
becoming outdated. Considerable research has been conducted into such table-
top POCT detection systems, but there still exists tremendous bottlenecks and 
challenges in the configuration and manufacturing to reach a clinical acceptability 
of sensitivity and selectivity whilst providing miniaturisation and heterogeneous 
integration. The next generation of POCT systems that enter the market will have 
differing requirements to previous concepts. For instance: they will have to be of 
a portable size, use small reagent volumes and be capable of reliable and accurate 
data acquisition at the user’s side.  
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Initially, challenges were determined that were linked to the opto-electrical 
configuration. This was realised through the characterisation of other testable 
fluorescence-based detectors – details of which are explored in Chapter Seven. 
This led to the conclusion that all configuration work should begin by separating 
the opto-electrical components into three sections:  
1) Illumination,  
2) Transmission,  
3) Absorption.  
Understanding these three development areas meant that in depth analysis could 
be completed, before any integration and miniaturisation complexities were 
added into the equation. This also allowed for an understanding of the system 
based on the Beer- Lambert Law as discussed in Chapter Three. The optimisation 
of an optical system relies on the knowledge of how light interacts within an 
environment, both static and fluctuating. An optical system allows light to pass 
from and through three different sub-systems, shown in Figure 4.1-1. 
 
Figure 4.1-1 Three sections of an optical system, illumination, transmission and 
absorption. 
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Illumination has the sole purpose of providing enough energy into a system to 
enable a reaction. In the case of a fluorescence instrument, an illumination source 
is used to provide photon energy into the system to enable fluorescence emission 
to occur. The illumination section must be able to provide enough energy into a 
sample, in order to release a fluorescence emission to then be detected. There are 
two main challenges: a) to ensure that the illumination source is placed correctly 
to provide enough penetration into the sample, whilst reducing the amount of 
scattered light created and b) ensuring the photon energy provided is precisely 
matched to the sample to facilitate higher sensitivity. A trade-off for the position 
of the illumination source is therefore the angle at which the illumination source 
is placed. The bigger the angle of incidence, the greater penetration into the 
sample but also the greater the amount of scattered light. This scattered light will 
enter the FD’s and increase the noise level and therefore decrease the sensitivity 
of the system.  
Transmission is responsible for aiding the fluorescence emission to travel from a 
sample to a photodetector, without any loss of energy (signal). Absorption of a 
fluorescence signal simply means the collection of photon energy that has been 
produced through fluorescence absorption and emission principles. The 
transmission section has one key feature – it must focus the emission wavelength 
through the optical system and onto a photodetector. There are many options for 
doing this, these are with the aid of: lenses, waveguides and/or mirrors   
When miniaturisation is the aim, the challenge is to configure the transmission 
section so that the emission light focusses on the photodetector in the shortest 
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distance possible, with the least number of components (to reduce space). Once 
more, there is the challenge of reducing the amount of scattered light being passed 
from the illumination section and into the transmission section.  
The absorption section is reliant on the sample or assay being used and the energy 
required to release the fluorescence emission. Specific fluorescence 
spectrophotometer based optical detectors, are being widely used due to their 
higher sensitivity and selectivity in the present POCT setups (1-3). It is well known 
that various molecules have the ability to absorb energy at one wavelength and 
emit energy at another (4). The energy provided from the excitation source 
enables an internal conversion between two electronic states with the same spin. 
The fluorescence emission can then be detected (5, 6). The effective determination 
of a fluorescence signal can be combined with either; a fluorophore or a 
fluorescence labelling dye. 
Although this breakdown of the three key sections is needed to fulfil the effect of 
the configuration of an FD to realise a simplified outcome, it must not be taken for 
granted that the problem itself is simple. The challenges to overcome in this 
chapter are as follows: 
1) The positioning of the illumination source 
a. Distance from illumination to the sample 
b. Angle at which to position the illumination source 
c. Illumination types (LED’s or laser diodes etc.) 
d. Output of the illumination sources (wavelength, power etc.) 
2) The photodetector used to capture the fluorescence emission 
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a. Activity area 
b. Position of the photodetector to reduce noise 
c. Photodetector type 
3) The internal workings of the transmission area 
a. Additional components (lens and filters) 
b. Layout of additional components  
All of these individual contributions cumulate to a far more complex question and 
therefore it must be appreciated, that any one answer may not be the optimum. 
By this it is meant, that the optimum solution for the illumination may not be 
favourable for the transmission section. Therefore, a critical trade off should be 
the aim for this chapter.  
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4.2 Design Methodology for Critical Parameters 
The design methodology proposed for the investigation of the critical parameters 
for the research and development into an initial FD system began through 
realising the steps needed to produce acceptable results, that could be used to 
further this study. The stages that were required are as follows: 
1) Simple simulations by the means of OptiCAD software. 
a) Simulation of the illumination section as well as simulations of the 
transmission and excitation sections. Simple ray traces were used to aid 
the understanding of these.  
2) Simulation results were used to collate the critical parameters for component 
selection.  
3) Critical parameters from optical components selected, provided the critical 
parameters for an initial CAD design for an opto-electrical casing.  
a) Size of the components, as well as distance between each one.  
4) Testing of the opto-electrical components selected to verify their usage within 
the FD.  
4.2.1 Optical Simulations  
Several simulation software packages are widely available to investigate and 
comprehend frequent types of optical simulations. OptiCAD was used for this 
study due to its ability to produce optical ray paths with relative ease.   
OptiCAD is a non-sequential optical analysis program, with capabilities to do 
unconstrained ray tracing including; reflection and refraction, surface and bulk 
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scattering as well as polarisation. OptiCAD’s package library allows for the 
configuration and analysis of optical components such as: lenses, mirrors, prisms, 
CAD surfaces – using a number of different illumination source types. The purpose 
of the optical simulations conducted was to understand the following challenges: 
1) What is the optimum incidence angle for an illumination source to be set at 
in order to minimise scattering of light, whilst at the same time providing 
enough penetration into a sample to release a fluorescence emission? 
2) How can the transmission of the fluorescence emission be optimised to 
provide a higher sensitivity in order to be able to detect low-level 
concentrations of a sample? 
3) What are the critical parameters of the optical detection system that form 
the basis of detection?  
4) What type of components would provide an improved optical solution, i.e. 
type of illumination source or parameters needed for a photodetector?  
Initially, OptiCAD was used extensively to understand the fundamentals of 
reflection and refraction of simple optical environments. The aim was to 
understand two fundamental parameters of the optical system: 1) what type of 
illumination source would provide a predictable excitation wavelength 
(collimated or non-collimated?) and; 2) how would changing the incidence angle 
affect the scattering within an optical environment? 
Each simulation carried out was analysed using both non-collimated and 
collimated light, in order to help the researcher make an informed decision as to 
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the best light source for each optical layout. All other settings within the software 
were kept the same. The set up was as follows: 
Table 4.2-1. OptiCAD environment set up.   
 Configuration Parameters Analysis Parameters 
Position Angle Refractiv
e Index 
nx & ny hhwidth & 
vhwidth 
hfov & 
vfov 
Coned 
Light 
Source 
(0, 0, -1) (0,0,0) n/a 5 & 5 n/a 30 & 30 
Collimated 
Light 
Source 
(0, 0, -1) (0,0,0) n/a 5 & 5 1.5 & 1.5 n/a 
 
Position Angle 
Refractiv
e Index 
r1 and 
r2 
Thickness Diameter 
Lens (1) 
(0, 0, -0.42) (0,0,0) n =1.5 
3 & 
10000 
0.4 3 
Lens (2) 
(0, 0, -2.5) (0,0,0) n =1.5 
10000 & 
-3 
0.4 3 
Lens (3) 
(0, 0, 10) (0,0,0) n =1.5 
10000 & 
-3 
0.4 3 
 
The workspace in OptiCAD is based upon a local and global coordinate system - 
the user can switch between each one at any point (the global system was used 
throughout). When completing a ray trace, the user is asked to define certain 
parameters: nx & ny describe the number of ray traces to be completed in the x 
and y direction respectively; hwidth and fov depend on whether or not the user is 
performing a non-collimated analysis or a collimated analysis; hhwidth & vhwidth 
define the width of a collimated ray trace; hfov and vfov describe the initial angle 
of dispersion of the illumination source – again, all described in the x and y 
direction respectively. 
 Chapter Four. 
84. 
 
A collimated illumination source, by definition, has light rays that are parallel to 
one another – meaning that as the light propagates minimal spread is observed. A 
perfect collimated illumination source would not show any dispersion over a 
distance, this is not the case in reality, but instead dispersion is minimal. A 
simulation environment was set up to understand the effect of collimation when 
scattering must be kept to a minimum.  
To fully understand the dispersion of different illumination sources, a double 
convex lens was positioned within the simulation environment. The distance 
between the illumination source and the lens in all simulations was kept constant 
– thus any changes in focal length of the illumination sources became apparent. 
Figure 4.2-1 represents the difference between using a collimated and non-
collimated illumination sources, when the rest of the optical environment is kept 
constant.  
(a) (b)  
Figure 4.2-1 Use of (a) collimated and (b) non-collimated illumination sources. 
The non-collimated illumination shows that total internal reflection is required.  
The optical environment consisted of the OptiCAD components: a mirror, an 
illumination source, a lens and a filter. Within the simulation software, a mirror 
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was used to represent a sample to understand how the illumination source would 
contact and then reflect off the intended sample surface. A filter, in the case of 
OptiCAD, was used as a ray collector and allowed for the collection of any scattered 
light to be recorded and analysed.  
In order to allow the light to flow through the waveguide, the simulation was set 
up so that all parts were defined to be made from the same material with the same 
refractive index.  
(a) (b)  
Figure 4.2-2 Final simulation set-up. Lenses were used to focus the illumination 
light through the transmission selection and into the absorption section.  
From Figure 4.2-2 in detail (a) shows the collimated results whereas (b) shows 
the non-collimated results. This set of simulations concluded that by adding a 
convex curvature to each end of the waveguide, the light could be better focussed 
onto a photodetector.  
Throughout the research, the question that consistently arises is which light 
source will produce the most accurate results. There are two main types to choose 
from: LED’s or Laser Diodes. Multiple simulations were carried out to force the 
researcher to conclude on which is more appropriate.  
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Figure 4.2-3 and Figure 4.2-4, describe the optical environment and show how a 
ray trace interacts within it. A range of angles were simulated from 0⁰ through to 
60⁰. Each simulation had 50 ray traces completed simultaneously.  
 
Figure 4.2-3 Optical environment for incidence angle simulations. The 
environment included: an illumination source, a lens and two mirrors.  
Filter to simulate a 
Photodetector 
Mirror to simulate a 
detectable sample 
Single illumination source 
Lens 
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Figure 4.2-4 Optical environment for incidence angle simulations with ray trace, 
to determine the optimal angle of illumination.  
In Figure 4.2-4, the simulation was constructed to understand how much 
scattering would travel through the lens and onto the photodetector. The key 
parameter controlling the scattering in this instance was the angle at which the 
illumination source was set at. The consensus was that the bigger the angle, the 
more scattering that occurred, but more sample penetration was achieved.  
4.2.2 Electronic interface: National Instruments DAQPad 
The initial experimental set-up included: a DAQ (NI DAQPad - 6015/6010, 
National Instruments, USA), a dual rail power supply (providing both 5v and 15v 
outputs), a PC interface, and an optional package (LabVIEW 2011, USA). An input 
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- output diagram shown in Figure 4.2-5, describes the connections within the 
experimental set-up.  
 
Figure 4.2-5 An input – output diagram of the National Instruments electronics. 
Figure 4.2-5 describes how the system is connected. The dual rail power supply 
provided, 15v and 5v to the laser diode as illumination sources and the photodiode 
as a photosensor respectively. The illumination generated from the laser diode 
passed onto the sample, which in turn produced an emission light to the 
photodiode, then these analogue signals were converted to digital formats 
through the DAQ card onto a PC interface for analysis.  
4.2.3 Opto-electronic Component Selection 
Two FD’s were designed, manufactured and tested, based upon the simulation 
results collected through OptiCAD. They both had similar optical layouts, 
consisting of an illumination source, filter, lens and a photodiode. However, the 
components differed and therefore so did the performance and size parameters. 
There were two main component changes in the two FD’s, primarily this was a 
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change from a ‘standard’ LED to a Laser Diode and then two different photodiodes 
were used in both, details of which follow.  
The first opto-electrical configuration(FD 1), shown in Figure 4.2-7 of the detector 
had a LED excitation source with a wavelength of 635nm fixed at 30⁰ (B3B – 445 
– TL, LED, ∅3mm, Roithner Laser Technology) in order to excite the sample - this 
then created a fluorescence emission. The fluorescence emission was then passed 
through to the transmission section and through a lens and a filter (655nm 
Fluorescence Band Pass Filter: 24nm FWHM, Edmund Optics) and finally collected 
by a photodiode. 
The second opto-electrical configuration (FD 2), shown in Figure 4.2-8 had three 
collimated excitation sources fixed into a 35⁰ position. The excitation sources 
(Laser Diode Module, 5001-21 Sigma, UK) provided 1mW output power with a 
wavelength of 635nm ±5nm and a beam divergence of <0.5mrad. The 
transmission section contained both a BK7 double convex lens with a radius of 
9.8mm (Edmund Optics, UK) and a 655nm bandpass filter with 24nm full width at 
half maximum (FWHM). A photodiode (efficiency: 0.47A/W at 650nm, OPT301M, 
Texas Instruments, USA) with built-in linear pre-amplification collected the 
emission light from the test sample.  
4.2.4 Solidworks CAD Design  
Utilising the results from the previous simulations conducted, Solidworks CAD 
designs were created. The designs were built from the bottom up and were made 
from 4 sections. The bottom two sections house the illumination sources. The 
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design allowed these to sit at the desired angle (produced through the 
simulations). Within these sections was a cavity; the cavity was enlarged to reduce 
manufacturing cost through the reduction in materials used. In the top of the 
second bottom section housed the lens and filter. An adaptor was designed to 
allow for different lenses of different diameters to be used in the future for further 
testing. The next section held a photodiode directly in line with the sample.  
The design had to allow for extra space to place the electrical wires from the laser 
diode and the photodiode. This was catered for by the addition of a channel that 
was designed into the detector to carry these cables from one component to the 
next and then out the detector completely to be then plugged into a power source 
and a computer for analysis.  
Although both detectors fundamentally were the same, there were a few design 
changes made to optimise each FD’s opto-electrical design. These were as follows: 
● FD 1, shown in Figure 4.2-7 had a spot size of 3mm; this was increased to 
4mm for FD 2, shown in  Figure 4.2-8, to take into consideration the larger 
illumination sources.  
● FD 1 was smaller in size due to the opto-electrical components chosen to 
fit inside.  
The principle of configuration was that the FD’s would be positioned directly 
above a sample. A two-stage process shown in Figure 4.2-6, provided the 
fundamental structure with the addition of a lens and a filter that allowed the 
emission wavelength to be firstly focussed towards the photodiode but secondly, 
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the removal of unwanted wavelengths from ambient light and the illumination 
wavelength.  
 
Figure 4.2-6 Schematic diagram of the conceptual FD’s. (a) shows three 
illumination sources positioned to excite a sample and (b) shows the 
fluorescence photons leaving the excited sample and hitting the photodiode.  
 
Fundamentally, the two-stage process relies on energy from the illumination 
source to penetrate the sample and provide enough energy to release an emission 
photon to then be detected. Other optical components within the FD were placed 
between the sample and the detector.  
Figure 4.2-7 and Figure 4.2-8 shows an exploded view of the intricate details 
required within the design to ensure that all components could perform as 
specified, without any external factors, such as movement, etc.   
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Figure 4.2-7 FD (1) showing the details of each section as well as where each 
component was seated. 
 
Figure 4.2-8 FD (2) showing the details of each section as well as where each 
component was seated. 
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4.2.5 Assay Preparation – Cy5 NHS Ester Dye  
Cyanine 5 NHS Ester dye was used as an initial assay to validate that a signal could 
be detected and measured by the designed and fabricated FD’s. A UV spectrometer 
was used to analysis an unknown concentration of Cy5 NHS Ester dye provided 
for validation, of concentration as well as peak wavelength for maximum 
absorbency. The peak wavelength was important data to collect; it allowed for the 
correct illumination source to be selected for the specific fluorescence dye.   
The UV spectrometer required a simple procedure to analysis the Cy5 NHS Ester 
dye sample:  
1. Cuvettes were filled with (a) 1x the Cy5 dye and (b) 2x deionised water to 
act as a buffer solution. 
2. Both deionised containers were placed into the UV spectrometer and a 
baseline correction was performed.  
3. One of the containers of deionised water was replaced with the Cy5 NHS 
Ester dye container and the measurement was taken, as shown in Figure 
4.2-9.  
The UV spectrometer was able to determine two key factors for the Cy5 dye. 
Firstly, the UV spectrometer was able to determine the peak wavelength for 
maximum absorbance into the sample and secondly, it was then able to find the 
maximum absorbency factor. From the absorbance factor, the concentration of the 
Cy5 NHS Ester was then determined, from the Beer Lambert Law:  
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𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝐴
𝐸𝑙
 
Equation 4.2-1: concentration of a liquid, through Beer Lambert Law 
Where A = absorbance, E = molar extinction coefficient and l = length of the 
container.  
                    
Figure 4.2-9. Cuvettes set up inside of the UV spectrometer: 1 x Cy5 dye 
container and 1 x deionised water container 
From the stock solution measured, multiple lower concentration samples were 
made, using deionised water as a base.  
  
Deionised water container 
Cy5 dye container 
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4.3 Results and Discussion  
4.3.1 Results of OptiCAD Simulations 
OptiCAD enabled the investigation into the effects of changing the incidence angle 
within the optical environment. It proved that by changing the angle and therefore 
the placement of the illumination source, not only can you reduce the scattering 
expected but also enable a better controlled illumination process of a fluorescence 
sample. From ensuring the energy provided by the illumination source excites the 
sample, it can be guaranteed that a fluorescence emission will be released from 
the sample. It is this fluorescence emission that can then be detected further in the 
optical detection system by a photodetector.  
(a) (b)  
Figure 4.3-1 simulated results of photons expected to land on the photodiode, (a) 
shows the results before improvements, whereas (b) shows the results after the 
improvements.  
Figure 4.3-1, demonstrates how much light could be potentially collected by a 
photodiode - (a) shows the amount of light expected to hit the photodiode before 
any major improvements were made to the configuration (b) shows the 
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improvement of light entering the photodiode after the configuration had been 
altered. 
The simulation in both cases (a) and (b) was set up so that the amount of light 
entering the system was the same.  All other parameters were also kept the same 
(such as the position of the light and dispersion area). Figure 4.3-1 (a) shows that 
10 out of 40 rays were focused onto the photodiode area whereas Figure 4.3-1 (b) 
shows 24 out of 40 were focused onto the photodiode; this concluded an 
improvement of 35% after some configuration changes had been made. In the case 
of this simulation, only 40 photons were used. Multiple simulations were carried 
out and the average results were as shown in Figure 4.3-1.   
Once the fluorescence emission is released it carries the data required for the 
detection process. It therefore becomes imperative that the signal received by the 
photodetector has a clear signal with maximum intensity received. By using a lens 
at a critical distance from the photodetector, this signal can arrive at the 
photodetector focussed and with enough energy for the photodetector to convert 
the fluorescence emission photons into a recordable voltage. 
The critical parameters within the illumination section, established from the 
simulations, are: the beam divergence, the incidence angle and the position of the 
illumination source. The simulations provided the data needed for the ‘perfect’ 
scenario for the illumination section. The parameters should be: a beam 
divergence of <0.5mrad and an incidence angle of between 30˚ and 35˚.  
A major constraint of the study was the need to fulfil the application of POCT and 
thus all parameters had to fall within the size parameters of a hand-held device. 
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This allows for future adaption of either: the lens type, lens shape or movement 
towards the replacement of the lens with other optical components. A BK7 double 
convex lens with radius of 9.8mm was used for focussing the fluorescence 
emission into the absorption section. 
4.3.2 Final Designs 
In detail for both FD (1) and FD (2), the critical parameters of the configuration 
were: 
1) The transmission length from the lens to the photodiode, which = 
12.45mm and 17.5mm, 
2) The angle at which the LEDs were housed, which was 30˚ for FD (1) and 
35˚ for FD (2). 
3) The length between the LED crest and the sample pallet, which was 
4.59mm and 11.66mm for FD (1) and FD (2) respectively. 
4) The centricity of the whole system to the Z-axis, which was controlled by 
the limitations of using additive manufacturing – more details in Chapter 
Five. 
Other factors that affected each configurations were the restrictions of the specific 
component sizes along with having to have additional space for cables and 
connections. 
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4.3.2.1 FD (1) 
Figure 4.3-2 and Figure 4.3-3 show the schematic drawings of the dimensions of 
the FD (1). The total height of FD (1) was 25.39mm, whilst the diameter of FD (1) 
was 24mm. This difference was attributed to the need to add addition material to 
give structural strength to the lid of FD (1). The total height of the illumination 
section was 7.57 mm; the transmission section was 9.07mm in length leaving 
space in the lid for the filter and photodiode to sit.  
  
Figure 4.3-2. Full schematic of FD (1) showing the designed sizes of the detector.  
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Figure 4.3-3 Internal schematic of FD (1) showing the designed sizes of the 
detector as well as the key areas of interest. 
Two critical measurements were: the length from lens to photodiode and the angle 
at which the LEDs were housed were 12.45mm and 30° respectively.  
4.3.2.2 FD (2) 
Figure 4.3-4 and Figure 4.3-5 show the schematic drawings of the dimensions of 
the FD (2). The total height of FD (2) was 44.03mm, whilst the diameter of FD (2) 
was 63.63mm. The total height of the illumination section was 17.50 mm, and the 
transmission section was 9mm.  
Photodiode position 
Filter position 
Lens position 
LED position 
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Figure 4.3-4. Full schematic of FD (2) showing the designed sizes of the detector.
  
Figure 4.3-5. Internal schematic of FD (2) showing the designed sizes of the 
detector as well as the key areas of interest. 
Photodiode position 
Filter position 
Lens position 
Laser Diode 
position 
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Two critical measurements were: the length from lens to photodiode and the angle 
at which the Laser Diodes were housed were 23mm and 35° respectively. 
4.3.3 Component Testing 
Several varying experiments were conducted to understand how each element of 
the system affected the overall performance and therefore the sensitivity of the 
FDs.  
4.3.3.1 Performance of the Cy5 Dye 
Before the components could be tested, the validity of the Cy5 dye was tested 
(using a UV Spectrometer) to ensure reliable results were recorded for all 
sequential experiments. UV-Visible Spectrometry of the Cy5 NHS Ester stock 
solution confirmed the concentration – providing requisite information for 
preparing usable concentrations of the diluted Cy5 NHS Ester samples. The UV-
Visible Spectrometer showed the Cy5 stock solution had an absorbency of 3.1881 
at a peak wavelength of 645.25nm, as shown  Figure 4.3-6. 
 
Figure 4.3-6. Wavelength (x) vs. absorbency (y) of Cy5 NHS Ester 
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𝐶 =  
3.1811
2.5𝑥104  × 1
 
Equation 4.3-1: Concentration of a solution 
Equation 4.3-1 calculated the concentration of the stock solution (c) once the 
absorbency (A) and the molecular extinction coefficient (E) at excitation 
maximum (Lmol-1cm-1) had been measured using the UV spectrometer.   
The concentration of the measured Cy5 dye was: 1.275x10-4Mol. A further seven 
concentrations were made up giving the lowest concentration at: 1.275x10-10Mol.  
4.3.3.2 Filter Performance 
An experiment was designed to look at the effect of a filter within the optical 
configuration. The filter was introduced to reduce the amount of reflected light 
from the illumination source entering the detector and increasing the noise level 
of the results. In addition, the filter was added to reduce the amount of ambient 
light entering the photodetector. All filter testing was conducted with FD (1).  
The experimental procedure used was: a measurement of the ambient light in the 
room was taken; then the light source was switched on to begin testing. A simple 
read out from the photodiode was then recorded; the photodiode read out then 
had the ambient light measurement subtracted.  The results verified the filter was 
reducing the reflected and ambient light by 65% - Figure 4.3-7. 
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Figure 4.3-7 Comparison of photodetector output (volts) with and without a 
filter. 
The graph inside Figure 4.3-7 shows the response on the left side of the two 
columns (with the filter) and the right side of the columns (without the filter).  
A second experiment was conducted again using FD (1) with and without the filter 
present. This time, the FD was placed over different coloured pallets to emphasis 
the change in reflected light to absorbed light.  
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(b)  
Figure 4.3-8 Responses from coloured pallets, from 100% red through to 100% 
white where (a) = without a filter and (b) = with a filter. 
This second experiment once again showed the filter to reduce the ambient light 
by 68%. This agreed with the results from the first filter experiment completed 
and shown in Figure 4.3-7.  
4.3.3.3 Photodiode and Illumination Performance 
The illumination source used for FD (1) and FD (2) had a peak wavelength of 635± 
25nm and 635±15nm respectively. When the Cy5 dye was tested, the optimum 
wavelength for maximum absorbency was measured to be 645.25nm – giving a 
1.6% disparity in the illumination sources used. The photodiode in FD (2) had a 
maximum sensitivity at a wavelength of 650nm with a spectral range of 200nm to 
1100nm, whereas the photodiode in FD (1) had a maximum sensitivity at 550nm 
with a spectral range from 320nm to 800nm. Therefore, this may have hindered 
the overall limit of detection due to the chosen filter only allowing a small 
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bandwidth of around 655nm through and onto each photodiode. The main reason 
for the difference in the maximum sensitivity of the photodiode, was due to 
proving that one photodiode could be used for multiple assays and detectors.  
4.3.4 Initial Component Sensitivity 
As stated in Chapter Three, to quantify the sensitivity of the FD’s as described in 
this study, both the limit of detection and linearity must be tested. Initially, this 
was done by testing the Cy5 dye prepared by the protocol described in section 
4.2.5.  
An experiment to find the initial limit of detection for the Cy5 NHS Ester dye 
samples that were prepared was performed. The results showed that a limit of 
detection of 1.275x10-10 Mol was achieved, as shown in Figure 4.3-9. A baseline 
measurement was taken of just deionised water, this is shown on the fluorescence 
vs. Cy5 concentration graph as a straight line. For all concentrations and deionised 
water measurements, 10ml of solution was added into a pallet for testing.  
Several background measurements were taken, and an average was then taken as 
the baseline measurement. The average reading from the photodiode for the 
baseline measurement was 0.137volts. The values ranged from 0.140volts down 
to 0.135volts, therefore any readings above 0.140volts were classified as the 
detection of Cy5 dye.  
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Figure 4.3-9 A Graph to show the Photodiode voltage output when different 
concentrations of Cy5 were tested 
Figure 4.3-9, shows that both FD (1) and FD (2) were able to detect the Cy5 dye at 
a concentration of 1.275x10-9 Mol however the FD (1) was on the limit of its 
sensitivity. The limit of sensitivity for FD (2) was at the achieved detection limit 
of 1.275x10-10 Mol. The linearity (R2) of these experiments was 52% for the FD 
(2) and 81% for FD (1).  
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4.4 Summary  
The FD’s considered in this chapter have been developed to encapsulate the 
understanding of the design configurations of the FD’s. The resultant 
configuration would be well suited to be used within a core module for existing 
and forthcoming fluorescence based optical instrumentation. The opto-electrical 
layout has also been developed such that it would allow for future integration that 
will be developed further on in this research study. 
Chapter Four elucidates the sensitivity parameters within the FD systems, with 
emphasis on Fluorescence detection, physical layout and component selection. 
This was achieved through the simulation and configuration of two FDs, which 
have then been tested using Cy5 dye.  
4.4.1 Optical Simulations  
The purpose of the optical simulations was to understand the connection between 
each of the elements within the system. It was essential to investigate the three 
main sections of a FD: illumination, transmission and absorption.  
After extensive simulations, the optical component properties required for the 
prototype were established. The illumination sources produced 1mW power and 
a collimated wavelength of 635 nm, the BK7 lens produced a focusable distance at 
8mm - however this distance was reduced in favour of a smaller device. The photo 
detector allowed for a smaller distance between it and the lens by having a larger 
active area of 2.3mm2. The critical parameters, for illumination, were established 
to be: the beam divergence, the incidence angle and the position of the 
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illumination source. The critical parameters, for detection, were established to be: 
the distance between the sample and the detector as well as the filter used in 
between.  
The simulations concluded the physical layout and design configuration as well as 
the component selection of each of the FDs discussed. The simulations showed the 
possibility of the system function in the case of maximum sensitivity. By this, the 
simulations concluded how to optimise both the physical layout and the 
component selection to ensure that the fluorescence efficiency of the system was 
maximised – this was also verified in Chapter Five.  
4.4.2 Opto - Electronic Interface 
The National Instruments DAQPad gave a reliable interface between the FD’s and 
a PC that was able to test the fluorescence emission sensitivity in different 
environments. For example, the filter performance as well as the photodiode and 
illumination sources were tested. The results of these tests concluded that:  
1. The use of a filter can reduce the SNR and hence provide a more robust test. 
The filter was able to reduce the ambient light from the environment 
entering the photodiode by 68%.  
2. Both FDs were tested to verify the effect of having 1.6% disparity between 
the illumination source output wavelength and the photodiode input 
wavelength.  
The National Instruments DAQPad proved to be a robust electronics system which 
was giving repeatable results for testing the FDs. The main disadvantage to the 
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National Instruments DAQPad was the cost and the inability to easily alter the 
internal electronics if required. At this stage it gave far more functionally than 
required and didn’t give way to final integration into a smaller POCT device.  
In conclusion, the National Instruments DAQPad was advantageous for the 
requirement of stable results but did not lend itself to the application of in vitro 
POCT. 
4.4.3 Fluorescence Detector Configurations 
The configuration was based upon the results generated from the simulations 
conducted. The configuration encapsulated each of the requirements generated 
from both the simulation data as well as the POCT application requirements. In 
essence, each of the designed FDs were configured to allow for maximum 
fluorescence efficiency as well as to be as small as possible to fulfil being a POCT 
device rather than a table-top device.  
The current physical layout and components selection also have the potential to 
integrate further into microfluidic chip technologies through their versatility to 
work within fluorescence detectors.  
Multiplexing is a reality with the current optical layout. Future developments will 
work towards increasing the number of illumination light sources present in the 
configuration – with different wavelengths. A simple exchange of the 
photodetector would allow for several different emission wavelengths to be 
detected through the same principle as tested in this study.  
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4.4.4 Fluorescence Detector Performance with Cy5 NHS Ester Dye 
This chapter gives an insight into the potential of each FD’s, simulation and design. 
It shows that that both FD (1) and FD (2) were able to detect the Cy5 dye at a 
concentration of 1.275x10-9Mol.  However, the limit of sensitivity for FD (2) was 
at the achieved detection limit of 1.275x10-10Mol. The linearity of these 
experiments was 52% for the FD (2) and 81% for FD (1).  
In the case of Cy5 detection, although the limit of detection was lower in FD(1) 
than for the FD(2), the systems linearity was higher. Ultimately, the limit of 
detection can be improved by ensuring the fluorescence efficiency is increased. 
The higher linearity proves that the SNR is more favourable in FD (1) than in FD 
(2) at this stage.  
The results show a real potential for this configuration of FDs to be established 
with POCT systems. Each of the FD’s have been configured in order to be able to 
integrate into other POCT systems or be further improved to enable a fully 
integrated system within their own rights.  
4.4.5 Chapter Achievements 
This chapter has provided knowledge into the following areas of: Holistic 
engineering approach to increase sensitivity of a miniaturised florescence 
detector for POCT systems. 
1. Simulations were used to confirm the critical parameters of each of 
the FDs. 
2. Designs were achieved based on the configurations as simulated. 
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3. Filter tests were completed to understand the amount of 
environmental light and excitation light able to enter the 
photodiode.  
4. Preliminary testing of FD (1) and FD (2) was completed and both 
were able to detect down to a Cy5 concentration of 1.275x10-9 Mol. 
  
 Chapter Four. 
112. 
 
4.5 Chapter References  
1. Hu SJ, French MT, Palmer DA, Evans M, Zhou SM, Sarpara GH, et al. A compact 
long-wavelength fluorescence detection system and its application to flow 
injection immunoassay. Anal Chim Acta. 2002 3/4;454(1):31-5. 
2. Kamei T, Sumitomo K, Ito S, Takigawa R, Tsujimura N, Kato H, et al. 
Heterogeneously integrated laser-induced fluorescence detection devices: 
Integration of an excitation source. Japanese Journal of Applied Physics. 
2014;53(6S):06JL02. 
3. Wang W, Liu J, Li C, Zhang J, Dong A, Kong D. Real-time and non-invasive 
fluorescence tracking of in vivo degradation of the thermosensitive PEGlayted 
polyester hydrogel. Journal of Materials Chemistry B. 2014. 
4. Choyke PL, Kobayashi H. Medical Uses of Fluorescence Imaging: Bringing 
Disease to Light. Selected Topics in Quantum Electronics, IEEE Journal of. 
2012;18(3):1140-6. 
5. Jablonski A. Efficiency of anti-Stokes fluorescence in dyes. Nature. 
1933;131:839-40. 
6. Frackowiak D. The Jablonski diagram. Journal of Photochemistry and 
Photobiology B: Biology. 1988 11;2(3):399. 
  
 
CHAPTER FIVE           
 
 
 
 
 
OPTICAL FLUORESCENCE DETECTOR 
MANUFACTURE AND VALIDATION 
 
“There is a single light of science, and to brighten it anywhere is to brighten it 
everywhere.” 
-Isaac Asimov 
  
Chapter Five. 
 114 
5.1 Introduction 
In this chapter the second critical area of development within this study is 
discussed. Chapter Four explained the design considerations for an optical 
fluorescence detector, with the focus of understanding the sensitivity constraints 
that present within the POCT application. This chapter explores two types of 
additive manufacturing that were used to develop FD (1) and FD (2). Further 
verification through the detection of a fluorescence dye quantified the use of 
additive manufacturing technologies for the purpose of POCT FDs.  
Scalable, rapid, and cost-effective fabrication for medical devices has seen an 
increase in demand, particularly for personal healthcare. Scalability within 
fabrication has been a conceptual idea since the 1980’s (1). As research has 
continued, many fabrication approaches have been widely available, however 
there remains limitations in producing complex multifunctional, miniaturised, 
medical devices in a timely manner. To produce forward compatibility of smart 
healthcare devices, it is imperative that the requirements for scalable fabrication 
of a miniaturised detection unit, as a key and critical POCT sub-system are 
implicitly recognised (2, 3). 
3D additive manufacturing has been provisionally classified as a scalable 
manufacturing process. Two forms of the scalable manufacturing processes 
within 3D printing are: Stereolithography printing (SLA) and Selective Laser 
Sintering (SLS). Such methods are being adopted for the manufacture of: 
microfluidic systems (4), optical waveguides (5) and bio-analysis (6), proving to 
be an attractive manufacturing process to enable rapid prototyping of any 
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functional components used in various systems. 3D printing techniques, such as 
SLA and SLS, are viable as agile, scalable and cost-effective fabrication methods; 
however, their uses within POCT systems are not well known. 
Charles W.Hull first patented Stereolithography (SLA) in 1986, however research 
within the area has been conducted since the 1970s when Dr Hideo Kodama first 
used ultraviolet light to cure photosensitive polymers. SLA coupled with computer 
aided design (CAD) works through focussing a ultra-violet laser on the surface of 
a vat of a polymer. The ultra-violet laser can recreate a 2D drawing layer by layer, 
by solidifying the photosensitive polymer. This process is then repeated to create 
a final 3D object designed through CAD. 
Dr Carl Deckard and Dr Joe Beaman first developed Selective Laser Sintering (SLS) 
in the mid-1980s. They developed a system where a high-powered laser is used to 
fuse small particles of either plastic, metal, glass or ceramic into a 3D shape.  
The challenges of this chapter are developing the idea of using a less controlled 
manufacturing process, compared to traditional methods such as injection 
moulding. However, this study is still within the proof of concept phase and 
therefore the manufacturing method needs to be tailored to multiple design 
changes that can be developed and fabricated in a timely manner – additive 
manufacturing is ideal when working within these constraints. As described in 
Chapter Four, it is vital that every optical component is held robustly, without any 
movement out of its designed position. Therefore, this chapter will compare both 
SLA and SLS on the following:  
• Surface roughness, 
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• Dimension tolerances, 
• Effect on optical sensitivity. 
Figure 5.1-1, shows the concept of the three sections of an FD. If the dimensional 
tolerances are not tight enough, then the distance between the illumination 
source, lens and photodiode will not be correct. If the surface roughness, through 
the transmission section, is too high, then the amount of the emission photons that 
reach the photodiode will be reduced due to refraction and scattering of the light. 
Therefore, the manufacturing method for a POCT when the focus is achieving a 
higher sensitivity, is critical.  
 
Figure 5.1-1. schematic of the three sections of a detection system, as shown 
previously in chapter four. 
This chapter will elaborate on the implications that exist for rapid and scalable 
manufacturing of complex optical systems for POCT applications. This is achieved 
through the investigation of SLA and SLS fabrication techniques for the use with 
in on-going and forthcoming POCT applications.  
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5.2 Fabrication Methodology of the FD system 
5.2.1 Processes and Materials for Fabrication  
The nature of rapid 3D printing (e.g. layer by layer additive manufacturing) allows 
intricate designs to be formed comparatively simply (9). The fabrication 
processes used were two scalable rapid 3D printing techniques, i.e. SLS and SLA. 
5.2.1.1 Stereolithography 
Stereolithography, typically, is a process whereby a UV laser is directed onto a vat 
of liquid polymer, known as a photopolymer resin. Photopolymers are reactive to 
UV light creating a photochemical reaction where the liquid resin solidifies into 
the part designed.  For this study, the SLA process used the Viper si2 machine 
(customised by Loughborough University) coupled with Accura 60 plastic. Table 
5.2-1, shows the data as given by the machine manufacturer.  
Table 5.2-1, SLA machine details, as per the machine datasheet 
Machine Type Material Material Type Laser Type Resolution 
SLA Accura 60 
Plastic 
Clear Liquid Solid State 
Nd:YVO4 
Z: 0.0025 mm 
X/Y: 0.0076 mm 
Machine Type Laser Speed Beam Size Power  Layer Thickness 
SLA 5mm/s 0.075m 100 mW 0.05 mm 
There are many advantages and disadvantages for SLA manufacturing. The main 
advantage is that the process is relatively quick and can produce complex designs 
in a fraction of the time of conventional manufacturing techniques. Whilst it is a 
time saving approach, the main disadvantage is that is can be costly in the sense 
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of the initial set-up. However new machines and materials on the market are 
bringing this cost down.  
5.2.1.2 Selective Laser Sintering  
Selective Laser Sintering (SLS) is comparable to SLA in the fact it uses a laser and 
a vat of material, though it does have a different mechanism. SLS required a high-
powered laser that is capable of fusing small particles of material together into the 
desired shape. For this study, the SLS process used EOS FORMIGA P100 machine 
(customised by Loughborough University) coupled with a Fine Polyamide PA 
2200 polymer. Again Table 5.2-2, shows the data as given by the machine 
manufacturer.  
Table 5.2-2. SLS machine details, as per the machine datasheet 
Machine Type Material Material Type Laser Type Resolution 
SLS Fine Polyamide 
PA 2200 
White Powder CO2, 30W X/Y: 0.6 mm 
Z: 0.1 mm 
Machine Type Laser Speed Beam Size Power  Layer Thickness 
SLS 1500mm/s 0.5mm 16 W 0.1mm 
Similar to SLA, SLS is a relatively quick process but unlike SLA it has a low-cost 
advantage as well. The main disadvantage is that the fabricated part you are left 
with is porous and therefore, depending of the application, may not be as 
advantageous as SLA.   
5.2.2 SLA vs. SLS Material Testing  
The material tests as stated in the introduction to this chapter were designed to 
understand: 
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• Surface roughness, 
• Dimension tolerances, 
• Effect on optical sensitivity. 
Two types of metrology equipment were used to measure these parameters: An 
Alicona Infinite Focus Instrument and a Smartscope Flash 200.  
An Alicona Infinite Focus instrument is a 3D optical micro coordinate system that 
was used for the analysis of the surface roughness of the fabricated parts of both 
SLS and SLA.  
A Smartscope Flash 200 is a full-featured automatic measurement system with a 
multi-sensor capable of using a high quality zoom (12x AccuCentric® zoom lens) 
that auto-calibrates with every magnification change. The XYZ scale resolution is 
0.5µm and a XY area accuracy and Z linear accuracy of 2.0 + 6L/1000µm and 3.5 
+ 6L/1000µm respectively (where L = measuring length in mm).  
Before the FD could be fabricated, sample parts, shown in Figure 5.2-1, were 
fabricated through SLA and SLS respectively by creating a CAD.stl file. The sample 
parts were designed to incorporate some final details to be analysed for accuracy 
and surface finish. The fabricated sample parts were put through a clean down 
process, involving the removal of the excess materials created by supports, during 
the fabrication process. 
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Figure 5.2-1. Schematic of the CAD design to evaluate the surface finish of 
components made by SLA and SLS. 
The design has intricate details to test the ability and accuracy of both SLA and 
SLS. The design features of interested for Figure 5.2-1 included; grooves, trenches 
and sharp corners. The dimensional size of the sample parts were: width 20mm, 
depth 20mm and height 10mm, the smallest feature had a thickness of 1mm. 
The Alicona Infinite Focus instrument measured the surface texture of roughness 
by non-contact - focus variation 3D optical imaging. An area of 711.93um by 
539.98um was analysed at different surface points of the sample parts. Tilt 
compensation was applied to remove any movement in the z-axis at each point of 
the sample. An optical filter with a cut-off wavelength of 355.96um was also 
applied.  
A Smartscope Flash 200 was used to measure each sample part to gain size 
parameters. The measured size parameters would then be compared to the 
designed size parameters.  
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5.2.2.1 Additional Fabrication for SLA 
The SLA fabricated part with Accura 60 produced a transparent sample part. The 
nature of transparency enables the addition of ambient illumination into the opto-
electrical compartment that could interfere with the labelling assays during the 
fluorescence spectrophotometric measurements. A fabrication process was added 
to create a layer of paint to generate a block for this ambient illumination. The 
paint was applied through a fine spray, layer by layer. The newly coated SLA 
sample part was investigated by the same Alicona Infinite Focus and Smartscope 
Flash 200 as the uncoated SLA part and SLS part, to produce a direct comparison 
between all sample parts.   
5.2.3 Alternative FD Electronical System Design 
It was hypothesised that the previously used National Instruments DAQPad set-
up, explained in Chapter Four, could be improved further and hence improve the 
sensitivity of the FD systems. An Arduino Uno was then developed as an 
alternative. Arduino Uno is a single board microcontroller, consisting of 14 digital 
input/output pins and 6 analogue pins. The Arduino Uno was chosen due to: 
• The simplicity in the software programming environment. It allows for 
simple execution through to advanced applications as well.  
• It is an inexpensive option, when compared to other microcontrollers in 
the market.  
• It is a viable option for any proof of concept electronics with the ability to 
make as many design changes as needed. 
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For the simplest of explanations, the Arduino Uno was used as shown in Figure 
5.2-2. The illumination source was powered through digital pin 13, a nominal 5V 
was given. The photodiode was connected to the analogue pin 0.  
 
Figure 5.2-2. Basic electronic configuration of an Arduino Board, showing the 
connections to both the illumination source as well as the photodetector. 
Although Figure 5.2-2, worked and a signal was detected, the output from the 
photodiode showed a large SNR. This meant the experiments conducted were not 
robust. The next stage of the electronics development was to add a TL071 Low – 
Noise JFET-Input Operational Amplifier (Texas Instruments). Figure 5.2-3. Typical 
Application Curve for TL071 Low – Noise JFET-Input Operational Amplifier (Texas 
Instruments), available at http://www.ti.com/lit/ds/slos080n/slos080n.pdf 
sourced 22/6/2018. shows the application curve of the TL071 operational 
amplifier. The purpose of use for this application is to amplify the signal from the 
photodiode to reduce the SNR and enable a robust signal to be recorded.  
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Figure 5.2-3. Typical Application Curve for TL071 Low – Noise JFET-Input 
Operational Amplifier (Texas Instruments), available at 
http://www.ti.com/lit/ds/slos080n/slos080n.pdf sourced 22/6/2018. 
The following circuit was built using the Arduino Uno and standard electronics 
bread board – Figure 5.2-4. 
 
Figure 5.2-4 Arduino Uno Electronics 
Arduino Uno 
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Alongside the electronics design, simple code was designed to switch on the 
illumination source on pin D13 and to read out the photodiode output, as seen in 
Figure 5.2-5. Code used to control the Arduino Uno  
 
Figure 5.2-5. Code used to control the Arduino Uno. 
5.2.4 Assay Sample Preparation – Fluorescein 
Most of the limit of detection and linearity testing for the completed FDs was 
completed using Fluorescein Dye. The final testing was then conducted with Cy5 
dye as well, to test for robustness in design.  
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Contra to Chapter Four, the fluorescein dye was procured in a powdered form and 
had to be chemically made up into a solution. The advantage of this was the stock 
solution concentration could be controlled from the beginning.  The protocol of 
making up the fluorescein dye was as follows:  
• Place 1g of fluorescein powder into a beaker. 
• Place in the beaker 500ml of deionised water. 
• Add NaOH into the breaker until the pH changed >10. 
o For this the final pH was 10.8, which required 12ml of NaOH.  
• When the colour changed from a murky brown to fluorescent 
yellow/green, the solution was placed onto a magnetic stirrer and left 
covered for 24 hours.  
(a) (b)  
Figure 5.2-6. Fluorscein being prepared. 
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The final stock solution was calculated to be: 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀) =
1𝑔
332.31𝑔𝑚𝑜𝑙−1
  
Equation 5.2-1 Concentration of stock solution of Cy5 NHS Ester 
This gave the concentration to be 0.003Mol, where 332.31gmol-1 was the molar 
mass of the fluorescein used. However, the calculation was based on 1 litre and 
not the 500ml used, therefore the actual concentration of the stock solution was 
0.006Mol. 
Once the fluorescein had been prepared, several different concentrations were 
then made up ranging from: 6x10-5 Mol to 6x10-9 Mol. They were then analysed in 
the same way as described for the Cy5 dye in Chapter Four.  
 
Figure 5.2-7. UV Spectrometer output of absorbancy vs wavelength for 
fluorescein dye – maximum absorbacy at a wavelength of 490nm. 
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Figure 5.2-7. UV Spectrometer output of absorbancy vs wavelength for fluorescein 
dye – maximum absorbacy at a wavelength of 490nm. shows the absorption 
curves from the fluorescein concentrations that were tested in the UV 
spectrometer. The top curve corresponds to the highest concentration of the 
fluorescein tested – 6x10-5 Mol. At higher concentrations, the UV spectrometer 
becomes saturated and therefore the maximum absorbency of the sample is 
higher than the capability of the machine.  
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5.3 Component Selection Modifications  
Three major component section modifications were made to test the FDs using 
fluorescein as well as Cy5 dye. These modifications were made to cater for the 
difference in wavelengths required in both the fluorescein and Cy5 dye assays. 
From the UV spectrometry that was performed on both samples, the Cy5 required 
a wavelength of 645nm to excite a fluorescence emission from the assay, whereas 
fluorescein required 490nm wavelength. This resulted in two sets of components 
needed, that were able to be switched across when required.  
Currently from Chapter Four, the following opto-electrical components are used 
in each FD:  
• FD (1): 
o 635nm, LED, ∅3mm, Roithner Laser Technology  
o 655nm Fluorescence, Edmund Optics, Band Pass Filter (Bandwidth 
= 25nm) 
o 350nm to 850nm BPW 21, OSRAM, Silicon photodiode 
 
• FD (2): 
o 635nm, Laser Diode Module, 5001-21 Sigma, UK 
o 655nm Fluorescence, Edmund Optics, Band Pass Filter (Bandwidth 
= 25nm) 
o 650nm, OPT301M, Texas Instruments, integrated photodiode 
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Changes were made to FD (1) in order to switch to fluorescein detection to test 
the viability of using additive manufacturing as a fabrication method for the 
application of POCT. The following changes were made:  
• FD (1): 
o 450nm and 490mn, LED, ∅3mm, Roithner Laser Technology  
o 510nm CWL, Edmund Optics, Fluorescence Filter 
o 350nm to 850nm BPW 21, OSRAM, Silicon photodiode 
Due to availability and costing, only the FD (1) was ‘converted’ for used with 
fluorescein. Therefore, the capability of each FD was as follows:  
• FD (1): 
o Capable of detection with Cy5 dye and Fluorescein dye. 
o Can be tested with 450nm, 490nm and 635nm wavelength 
illumination sources. 
• FD (2): 
o Capable of detection with Cy5 dye. 
o Can be tested with 635nm wavelength illumination source.  
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5.4 Results and Discussions  
5.4.1 SLA vs. SLS Fabrication 
The Alicona Infinite Focus instrument was used to analyse the surface texture of 
roughness of the sample parts manufactured through both SLA and SLS. By 
definition, surface texture of roughness (often called surface roughness) is 
quantified by the deviation in the direction of the normal vector of the real surface, 
from its ideal form. The higher the roughness of a surface, the more scattering can 
be expected. The dataset for the SLS measurements had data losses present. The 
data losses came from unresolved slopes on the surface of the sample. The data 
collected was able to provide accurate calculations for a 3D surface texture of 
roughness, for the SLS and SLA uncoated and coated sample parts. The results are 
shown in Table 5.4-1.  
Table 5.4-1. Measured data for the surface texture of roughness 
SLS Parameters Position 1 (um) Position 2 (um) Position 3 (um) 
 (Sa) 11.1 11.1 12.2 
 (Sq) 14.6 14.7 15.2 
 (Sp) 83.9 50.3 32.9 
 (Sv) 77.5 99.8 59.7 
SLA (uncoated) 
Parameters 
Position 1 (um) Position 2 (um) Position 3 (um) 
 (Sa) 1.0 0.9 0.6 
 (Sq) 1.3 1.1 0.8 
 (Sp) 5.9 4.0 3.1 
(Sv) 4.5 3.8 2.9 
SLA (coated) 
Parameters 
Position 1 (um) Position 2 (um) Position 3 (um) 
 (Sa) 1.1 0.9 0.9 
(Sq) 1.3 1.2 1.2 
(Sp) 6.6 6.4 6.3 
 (Sv) 4.7 6.1 5.4 
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The following surface texture of roughness values are: 
• Sa (Average Height): The absolute value of the difference in height of each 
point, compared to the arithmetical mean of the surface for the defined 
area. 
𝑆𝑎 =  
1
𝐴
 ∬|𝑍(𝑥, 𝑦)|𝑑𝑥𝑑𝑦
𝐴
 
Equation 5.4-1 The equation showing the calculation of the average height of a 
defined area. 
• Sq (Root Mean Squared): The root means square value of the ordinate 
values with the defined area.  
𝑆𝑞 =  √
1
𝐴
∬ 𝑍2(𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝐴
 
Equation 5.4-2 The equation showing the calculation of the root mean squared of 
a defined area. 
• Sp (Maximum Peak Height): The height of the highest peak within the 
defined area. 
𝑆𝑝 =  𝑚𝑎𝑥𝐴𝑧(𝑥, 𝑦) 
Equation 5.4-3 The equation showing the calculation of the maximum peak height 
of a defined area. 
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• Sv (Maximum Valley Height): The absolute value of the height of the largest 
pit within the defined area.  
𝑆𝑣 =  |𝑚𝑎𝑥𝐴𝑧(𝑥, 𝑦)| 
Equation 5.4-4 The equation showing the calculation of the maximum valley 
height of a defined area. 
Average height (Sa) and root mean squared (Sq) for all sample positions showed 
small changes in the average values and therefore it can be assumed that the total 
surface of the sample parts would portray similar surface texture of roughness 
values, shown in Figure 5.4-1, for SLS and SLA respectively.  
     (a)            (b)  
Figure 5.4-1  Surface texture of roughness of the (a) SLS and (b) SLA sample 
part. 
The data losses are at points of maximum gradient change. The measured position 
shown had a sample size of 0.38mm2. Each sample part and position on it was 
imaged at 12.0 FPS, through creating four million sample triangles. 
A comparison between SLS and SLA showed that the range of values between the 
peak height and valley height were smaller for the SLA parts compared to that of 
the SLS parts.  
Range 
= -4μm 
to 
3.5μm. 
Range = 
-80μm 
to 
120μm. 
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Although data losses occurred for SLS analysis, a comparison of peak to valley 
heights was conducted between SLS, SLA (uncoated) and SLA (coated) – shown in 
Figure 5.4-2. SLA (uncoated) and SLA (coated) showed a 98% and 96% 
improvement on the SLS fabrication respectively.  
SLA and SLS fabrication techniques were implemented to produce an integrated 
miniaturised FD. Two fabrication techniques were tested to verify the validity of 
their processes for the use within POCT applications: Stereolithography (SLA) and 
Selective Laser Sintering (SLS). The mean average height (Sa) from the SLS sample 
part was 11.6um compared to 0.81um from the SLA sample part. The standard 
deviation for the SLS was 14.8um, whereas for the SLA part it was 1.2um. 
(a)                                                                         
(b)  
Figure 5.4-2 A comparison of surface texture of roughness for SLS, SLA 
(uncoated) and SLA (coated). 
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Figure 5.4-2 (a) shows a comparison of surface texture of roughness (Sa) for SLS 
and SLA and (b) a comparison of peak height to valley height of SLS and SLA. All 
values are given as an average of three measured positions of each sample part. 
Reading both graphs left to right: SLS, SLA (uncoated) and SLA (coated). 
The black matte coating should allow the fluorescence emission to travel through 
a detector without a significant loss of energy through refraction. The addition of 
the black coating was advantageous due to the change in optical properties it gave, 
with only small changes to the surface texture of roughness – shown in Figure 
5.4-3.  
(a)   
(b)  
Figure 5.4-3 Comparison of both Sq and Sa for coated and uncoated SLS and SLA. 
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For Figure 5.4-3, (a) three measured positions of Sq vales and (b) three measured 
positions of Sa values. Both graphs show the effects of adding an additional 
fabrication process to the sample parts. The coating was applied through spraying 
each sample part layer by layer.  
The comparison of Sq values proved that at best there was no difference between 
the SLA coated and SLA uncoated sample parts. However, at worst there was a 
33% change in the values. SLA uncoated results were more stable than those of 
the SLA coated. The same outcome was also shown for Sa values; however, the 
range of this effect was between a 9% and 33% change.  
The Smartscope Flash 200 was able to conduct an extensive measurement routine 
of each sample piece and provide, sample part, size parameters. The size 
parameters of interest were: total height, total width, gap height, gap width, 
groove radius and corner radius. The schematic in Figure 5.4-4 shows the 
measured size parameters. 
 
Figure 5.4-4 Sample part schematic showing designed size parameters. 
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The designed size parameters were compared to the measured size parameters, 
taken using the Flash Smartscope 200. Table 5.4-2 shows both sets of size 
parameters.  
Table 5.4-2. Comparison of design size parameters and measured size parameters. 
Size 
parameters 
CAD design 
(mm) 
SLS sample part 
(1) (mm) 
SLS sample part 
(2) (mm) 
SLA sample part 
(1) (mm) 
SLA sample part 
(2) (mm) 
Total Height 20.000 19.853 19.814 20.535 20.509 
Total Width 20.000 19.903 19.882 20.061 20.061 
Gap Height 10.000 10.066 9.588 9.906 9.881 
Gap Width 10.000 9.632 9.865 9.973 9.975 
Groove Radius 1.000 0.942 1.240 0.867 1.165 
Corner Radius 5.000 4.908 4.956 4.801 5.240 
Analysis of the results showed that when the average measured size parameters 
of both SLS and SLA were compared to the designed size parameters, the average 
difference was 0.856mm for SLS and 0.752mm for SLA. SLA fabrication was 12% 
more accurate than SLS. The results also showed that SLA fabrication was 30% 
more repeatable than SLS – details can be seen in Figure 5.4-5.  
In detail, Figure 5.4-5, (a) comparison of measured size parameters for each 
sample piece and (b) comparison of design size parameters against the measured 
size parameters.  
Repeatability of SLA for straight edges was higher than for SLS, however SLS was 
more repeatable for curved surfaces – this is shown in Figure 5.4-5.The accuracy 
of both SLA and SLS for straight edges only showed a difference of 2.5%. Still, SLA 
was 76% more accurate than SLS for curved surfaces.   
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(a)  
(b)  
Figure 5.4-5. Repeatability and Accuracy comparisons of the average values of 
10x measurements across 2x SLS and 2x SLA samples.  
Given the results shown from the Alicona Infinite Focus instrument, Table 5.4-1 
and the Smartscope Flash 200 Table 5.4-2 - both the FD (1) and FD (2) were 
fabricated using SLA as the manufacturing technique. A final process of painting 
the parts in a black matte paint was conducted to improve the SNR of the FDs due 
to the transparent nature of the Accura 60 resin used, shown in Figure 5.4-6.  
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(a) (b)  
Figure 5.4-6 Example of FD(2): (a) before and (b) after application of paint. 
The addition of this coating did affect the surface texture of roughness, by a small 
percentage. The data proved that before and after the coating was applied the Sa 
values changed by 1%. This could be due to the method in which the coating was 
applied. The results suggest that the coating had more layers on the top surface of 
the SLA sample part and less in the valleys or ‘dips’. In turn this could increase the 
effect of peak height vs. valley height. 
5.4.2 Validation of the FD Systems  
FD (1) and FD (2) were both tested using the Cy5 dye as prepared in Chapter Four 
and FD (1) was also used to detect fluorescein to characterise the FD. The purpose 
of using the two assays was for a few reasons: 
• Fluorescein is far cheaper and more accessible than Cy5 NHS Ester dye and 
therefore many characterisation experiments can be tested.  
• By characterising with the Fluorescein dye and then testing with Cy5 dye 
proved the robustness of the FD designed in the way they were capable of 
being switched from one assay to another. 
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•  By testing with multiple assays could lead the way towards multiplexed 
detection and therefore the next generation of FD for POCT applications.  
To verify the FDs, fluorescein and Cy5 dye was used alongside deionised water as 
a base line solution. The solution was tested first, and an average baseline 
measurement was recorded. The FD gave a reading of an average of 21 volts. A 
range of concentrations were tested from 6x10-5 Mol to 6x10-9 Mol and 1.x105 Mol 
to 1.27x10-9 Mol for the fluorescein and Cy5 dye respectively.  
For each test, the room in which the experimental equipment was run was kept at 
a constant 22˚C. This was measured before each experiment was conducted to 
ensure the environment did not give tarnished data. Before each test, the 
fluorescein and Cy5 dye was placed into the environment and brought up to room 
temperature before starting the experiments. All initial set-up and system checks 
were performed in these conditions.  
Fluorescein dye was prepared as detailed in section 5.2.4. The experimental 
protocol was followed:  
• Set test environment by ensuring the following: 
o All ambient light was reduced or removed where possible. 
o The temperature of the room was recorded with an average reading 
of 22˚C. 
o All electronics were turned on and checks were completed to 
ensure response from control through the Arduino Uno.  
o 10mL of the Fluorescein solution was added into a designed test 
pallet. 
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o The FDs were then placed onto the test pallets and the 
measurement was recorded.  
The experiments using the Cy5 NHS Ester dye followed the same protocol as the 
fluorescein dye.  
5.4.2.1 Fluorescein Detection 
The photodiode output was recorded for each fluorescein dye concentration 
tested. This was then plotted to calculate the linearity of the FDs. The first set of 
fluorescein experiments that were conducted used FD (1) with the following set-
up: 
•  490mn, LED, ∅3mm, Roithner Laser Technology.  
• 510nm CWL, Edmund Optics, Fluorescence Filter. 
• 350nm to 850nm BPW 21, OSRAM, Silicon photodiode. 
 
Figure 5.4-7. A graph to show the best results of using 490nm wavelength LED’s 
inside FD (1).  
R² = 0.9854
1
10
100
1000
1.00E-09 1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03
P
h
o
to
d
io
d
e 
O
u
tp
u
t 
(V
o
lt
s)
Concentration of Fluorescein (Mol)
FD(1): Photodiode Output vs. Fluorescein Concentration
Chapter Five. 
 141 
 
Figure 5.4-8 A graph to show the worst results of using 490nm wavelength LED’s 
inside FD(1). 
All results were recorded and plotted, the best and worst results are shown in 
Figure 5.4-7and Figure 5.4-8. To characterise whether a result was good or bad, 
two parameters were calculated: limit of detection and linearity. These were 
simple to characterise as both parameters can be understood by plotting the 
photodiode output vs. the concentration of fluorescein detected. The linearity 
ranged from 94.2% through to 98.5% when using the FD (1) with the components 
as described above.  
The next experiment that was conducted switched the illumination source to 
450nm. This was to ensure that the results seen with the 490nm illumination were 
in fact robust and that the FD was performing as expected from the UV 
spectrometry absorbency results. It was expected that due to the UV spectrometry 
results showing maximum absorbency at 490nm, that when using 450nm 
R² = 0.9423
1
10
100
1000
1.00E-09 1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03
P
h
o
to
d
io
d
e 
O
u
tp
u
t 
(V
o
lt
s)
Concentration of Fluorescein (Mol) 
FD(1): Photodiode Output vs. Fluorescein Concentration
Chapter Five. 
 142 
illumination source the linearity and/or the limit of detection should have been 
affected for the worse.  
  
Figure 5.4-9 A graph to show the best results of using 450nm wavelength LED’s 
inside FD(1). 
 
Figure 5.4-10 A graph to show the worst results of using 450nm wavelength 
LED’s inside FD(1). 
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Figure 5.4-9 and Figure 5.4-10 confirmed that the limit of detection dropped from 
when using 490nm illumination source, and the linearity was in fact lowered. The 
highest linearity that was measured was 92.2%, with the lowest at 88.9%.  
5.4.2.2 Cy5 Dye Detection 
An additional test was completed on both FD (1) and FD (2) to ensure that both 
could detect Cy5 dye. This additional test also meant that a direct comparison 
could be made between the two FDs to establish which had the higher sensitivity. 
To have a robust comparison between FD (1) and FD (2) all the Cy5 testing was 
done at the same time in the same environment. This ensured that any system 
environment features, such as room temperature and ambient light levels, could 
be classified as stable. To ensure the stability, the environment was measured 
during the experiments to provide continuity in the measurements.  
 
Figure 5.4-11 A graph to show the results of using 635nm wavelength LED’s 
inside FD(1). 
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Figure 5.4-12 A graph to show the results of using 635nm wavelength LED’s 
inside FD(2). 
From completing the experiments, shown in Figure 5.4-11 and Figure 5.4-12 using 
the Cy5 dye, it became apparent that the sensitivity in both FDs was affected by 
different features. Before any of the experiments were conducted, a baseline 
measurement was taken using each of the FDs and deionised water. The limit of 
detection within FD (2) was within the region of 1.27x10-8 Mol, whereas the limit 
of detection for the FD (1) was in the region of 1.27x10-7 Mol:  a factor of 10 lower. 
However, the linearity of FD (1) was 92.2% whereas the linearity of FD (2) was 
86.7%.  
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5.5 Summary 
This chapter has enabled the understanding into the contributing factors of 
sensitivity from the viewpoint of manufacturing as well FD configurations.  
5.5.1 SLA Additive Manufacturing 
SLA has shown to be advantageous over SLS, through a more desirable surface 
roughness and higher resolutions (10, 11). SLA fabrication proved a reliable 
process to manufacture a casing to hold an opto-electrical layout, showing an 
improvement of the surface texture of roughness, compared to that of the SLS 
technique.  
Opto-electrical instrumentation requires surface texture of roughness properties 
to exhibit small gradient changes. Any large changes could lead to energy losses 
from the emission light and affect the sensitivity of the instrument. When 
comparing SLA vs. SLS, the results collected from the Alicona Infinite Focus 
instrumentation determines that the SLA fabrication process is better suited to 
opto-electrical applications. It was determined that SLA fabrication (before 
coating was applied) showed a 93% improvement of surface texture of roughness 
and a 92% improvement once the SLA sample part was coated, compared to that 
of the SLS part. 
The images were taken using a microscope to better understand the surface 
quality of both SLA and SLS. The transparency of the SLA sample part means there 
was a lower reflection coefficient meaning imaging was darkened. The surface 
roughness can be visualised for the SLS sample parts and gives a clear 
understanding to the optical challenges it creates. 
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The precision of both SLA and SLS were analysed to understand the repeatability 
and scalability of both fabrication processes. The precision of both the SLA and 
SLS fabrication showed a small difference of 12% over the measured dimensions. 
Although the machine data for both the Viper Si2 and EOS FORMIGA P100 showed 
x and y –axis having the same resolution, comparisons of the x-axis variation with 
the y-axis variation showed that with both fabrication methods, higher precision 
was found within the x-axis, based on the standard definitions of the X and Y axis. 
The repeatability of SLA was found to be more desirable than for that of the SLS 
fabrication.  The analysis of the SLA and SLS fabrication with regards to precision, 
accuracy and repeatability provided data that shows that SLA would be better 
suited to move forward towards both functional and generational scalability in the 
future.  
The additional data gained through imaging the sample parts under a microscope 
also indicated that the transparency of the SLA uncoated sample part may produce 
properties of scattering, that for the case of an FD are undesirable. 
5.5.2 Cy5 and Fluorescein Verification  
FD (1) was verified through measuring the limit of detection and linearity when 
tested with both Fluorescein and Cy5 dye. Three opto-electrical set-ups were 
tested to give an understanding of the effect each element may have on the 
sensitivity of the FD. FD (2) was then tested using Cy5 dye to give a direct 
comparison of the two FDs. In all cases, the experiments were set up ensuring the 
same protocol was followed.  
Chapter Five. 
 147 
Error! Reference source not found. describes the different FD set-ups of opto-
electrical components that were tested.  
 Illumination Source Filter Photodiode 
 FD (1) 
Opto-
electrical (1) 
490mn, LED, ∅3mm, 
Roithner Laser 
Technology 
510 CWL Edmund 
Optics, Fluorescence 
Filter 
350nm to 850nm 
BPW 21, OSRAM, 
silicon photodiode 
Opto-
electrical (2) 
450mn, LED, ∅3mm, 
Roithner Laser 
Technology 
510 CWL Edmund 
Optics, Fluorescence 
Filter 
350nm to 850nm 
BPW 21, OSRAM, 
silicon photodiode 
Opto-
electrical (3) 
635 LED, ∅3mm, 
Roithner Laser 
Technology 
655nm Fluorescence, 
Edmund Optics, Band 
Pass Filter 
350nm to 850nm 
BPW 21, OSRAM, 
silicon photodiode 
 FD (2) 
Opto-
electrical (1) 
635 Laser Diode 
Module, 5001-21 
Sigma UK. 
655nm Fluorescence, 
Edmund Optics, Band 
Pass Filter 
650nm OPT301M, 
Texas Instruments, 
integrated 
photodiode 
5.5.2.1 Fluorescein Dye 
The FD (1) was tested using fluorescein dye in the beginning, as fluorescein dye 
was readily available so allowed for repeated testing. Fluorescein was used in this 
study as a proof of concept dye to test the viability of the designed FD in detecting 
a fluorescence emission. Before the FD was tested, the fluorescein dye was put 
through UV spectrometry to verify the wavelength at which maximum absorbency 
was possible. It was concluded that for this fluorescein dye (as with many others) 
maximum absorbency occurred at a wavelength of 490nm.  
A comparison study was completed using both illumination sources of wavelength 
490nm as well as 450nm. The purpose of testing with both wavelengths was to 
understand how the impact of the small change in wavelength affected the overall 
sensitivity of the FD system.  
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From the UV Spectrometer results, when using a concentration of fluorescein dye 
of 6x10-7 Mol (middle of the range), the absorbance at 490nm is 0.77A compared 
to 0.17A at 450nm. This represents a difference of 4.5x absorbency from using 
490nm compared to 450nm.  
5.5.2.2 CY5 Dye 
FD (1) has been tested through the detection of fluorescein. An additional 
experiment was then conducted using Cy5 dye. The purpose of testing each of the 
FDs with Cy5 dye as well as the fluorescein was: 
1. To understand the potential for multiplexed detection in the future. 
2. To be able to show the viability of each of the FDs, using a popular assay 
for determination of the limit of detection, as well as linearity of the system.  
Both FDs were able to detect the Cy5 NHS Ester dye up to a concentration of 
1.27x10-7 Mol, however FD (2) was able to detect up to 1.27x10-8 Mol. Sensitivity 
is not simply a measurement based on the limit of detection and therefore if the 
linearity is also compared across the FD (1) and FD (2), then the linearity of FD 
(2) was significantly lower than for FD (1). The main difference that affects the 
sensitivity and therefore the limit of detection is the difference between using an 
LED (as in FD (1)) vs. a Laser Diode (as in FD (2)). The Laser Diode was able to 
focus more of the excitation wavelength onto the sample in order to release the 
fluorescence emission, whereas the LED had a higher proportion of the excitation 
light scatter around the sample and therefore less being penetrated the sample 
and releasing an emission wavelength.  
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FD (1) showed a 10% improvement in linearity compared to that of the FD (2). 
The two main components that were different in both the FDs were the 
illumination sources as well as the photodiodes. This emphasises the importance 
of both the illumination source as well the photodetector chosen for such 
detection methods. Even though for both FDs the illumination source closely 
matched that of maximum absorbency of the Cy5, the sensitivity of both FDs was 
different. Therefore the matching of wavelengths with both the illumination 
source and photodiode was not the only factor affecting the sensitivity of these 
FDs.  
Two contributing factors of difference between the sensitivity of both FDs was the 
placement of the illumination source vs. the photodiode as well as the 
specification of the photodiode used. FD (2) had a longer transmission section and 
therefore the fluorescence emission was more likely to scatter around the 
photodiode, whereas the FD (1) was able to capture more of the fluorescence 
emission wavelength. However, the photodiode used within FD (2) had a more 
specific wavelength range that was closer to the fluorescence emission 
wavelength than on FD (1). These two contributing factors have shown that 
although FD (2) had a lower limit of detection it was generally less robust than FD 
(1).  
5.5.3 Sensitivity of the System 
A summary of the experimental results can be seen in Table 5.5-1.  
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Table 5.5-1 Summary of results. 
 Figure Limit of Detection Linearity  
 Fluorescein  
FD (1) 490nm Figure 5.4-7 6x10-8 Mol 98.5% 
FD (1) 490nm Figure 5.4-8 6x10-8 Mol 94.2% 
FD (1) 450nm Figure 5.4-9 6x10-7 Mol 92.2% 
FD (1) 450nm Figure 5.4-10 6x10-7 Mol 88.9% 
 Cy5 
FD (1) 635nm Figure 5.4-11 1.27x10-7 Mol 92.24% 
FD (2) 635nm Figure 5.4-12 1.27x10-8 Mol 86.7% 
 
In general, the limit of detection was not as high for either FD as anticipated, other 
POCT FD within the field are capable of at least a limit of detection with the region 
of x10-8 Mol. The difference with the FD tested in this study was that additive 
manufacturing has been used to manufacture the optical housing for the 
components. It is therefore apparent that although additive manufacturing can 
produce a FD that is as good as other FDs within the market, it is not a competitive 
manufacturing method for high precision, low SNR, highly sensitive robust FDs. 
Another factor affecting the sensitivity in this chapter was switching from the 
National Instrument DAQPad to the Ardunio. This change saw a drop in the limit 
of detection from 1.27x10-10 Mol (as seen in Chapter Four) to 1.27x10-8 Mol. 
5.5.4 Chapter Achievements 
This chapter has provided knowledge into the following areas of: Holistic 
engineering approach to increase sensitivity of a miniaturised florescence 
detector for POCT systems. 
1. SLA showed a higher accuracy than that of SLS and therefore was more 
advantageous for the application of manufacturing of a FD system for 
POCT.  
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2. Adding an additional process step of coating the SLA part, did not affect the 
overall precision of the parts manufactured.  
3. Additive manufacturing, although advantageous for prototyping, does not 
give high enough precision for highly sensitive FD systems.  
4. To maximise the limit of detection a FD can achieve, it is imperative that 
the excitation wavelength is equal to the maximum absorbency wavelength 
of the assay being detected. 
5. Both designed and manufactured FDs were able to detect Fluorescein 
and/or Cy5 dye. 
6. FD (1) in general was able to maintain a higher linearity than that of FD 
(2). 
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CHAPTER SIX           
 
 
 
 
 
INTEGRATION AND MINIATURISATION 
 
“An expert is a person who has made all the mistakes that can be made in a very 
narrow field.” 
― Niels Bohr 
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6.1 Introduction 
From the previous chapter, a platform to move forward and build new ideas on 
was established. A FD system provided a baseline for future developments into 
the advanced miniaturisation and integration of a FD system for POCT.  
This chapter develops an understanding of the challenges involved in the 
miniaturisation and integration of an FD system for POCT applications, with 
focus on moving towards microfluidic detection. Previous chapters set a 
benchmark for the development of this microfluidic optical detection system.  
Several different challenges have been endeavoured within the configuration of a 
microfluidic fluorescence detection (MFD) system as well as for the optical 
component selection. Lessons learnt from the previous chapters have qualified 
progress of the design and helped to aid the miniaturisation and integration of 
the MFD system.  
Two main areas of concern for this chapter involve the illumination section of 
the optical detector as well as the transmission section. The aim is to use optical 
techniques to enhance the capabilities of miniaturisation and integration, whilst 
providing a robust and reproducible MFD for microfluidic POCT. The main 
challenge concluded from the previous chapters was that additive manufacturing 
did not provide a high enough sensitivity into an FD system, therefore, this 
chapter explores the possibility of using anisotropic wet etching, coupled with 
additive manufacturing. By coupling the two-manufacturing techniques, it was 
envisaged that the advantages of both methods would enable a higher sensitivity 
to be achieved over what has been concluded in previous chapters.  
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One avenue into miniaturisation and integration is using microfluidic chips, also 
known as, lab-on-chips. This chapter explores the concept of a microfluidic chip 
design and manufacturing by anisotropic wet etching of silicon wafers.  
A wafer is often used as a substrate for the fabrication of integrated circuit 
boards. A wafer can be used as a substrate for microelectronic systems to 
integrate on or into. A wafer can be used in several fabrication processes for 
photolithographic patterning or etching a pattern into. Based on the knowledge 
that a wafer is often used with electronic circuits; it has become a viable option 
to build an MFD system around. This would allow for further future integration 
of the electronics that may be required within a POCT system.  
A wafer should have as near to a defect free single crystalline material as 
possible. This then ensures that fabrication processes, such as etching, can be 
achieved effectively and on a scalable process.   
Silicon wafers come in many diameters and thicknesses depending on the 
application they are required for. A typical Silicon wafer would have a diameter 
of 3” and a thickness of 375um – however Table 6.1-1 shows some other sizes 
available.  
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Table 6.1-1 Size parameter of typical wafers 
 
 
 
 
 
 
 
In recent years, microfluidic chips and lab-on-chips have been developed to 
integrate into a few different detection systems. A microfluidic chip or lab-on-
chip is a device that can perform one or more laboratory investigations on a 
single chip. A typical chip would be only millimetres to a few centimetres in size, 
using small reagent volumes in the region of pico litres.  
Like all systems, microfluidic chips and lab-on-chips have numerous advantages 
and disadvantages to them. 
Advantages: 
• Low fluid volumes needed – meaning less waste and lower costs. 
• Low fabrication cost – allowing for cost effective disposable chips to be 
fabricated through scalable production. 
• Safer platform due to the small amounts of chemicals and sample volumes 
– providing a more stable reaction with smaller stored energies. 
Diameter (inch) Thickness (um) 
2 275 
3 375 
4 525 
5 625 
6 675 
8 725 
12 775 
18 925 
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Disadvantages: 
• The technologies are still under development therefore gaps within the 
knowledge exist. 
• The principle of detection may not hold true when scaled down to within 
the micro or nano level – therefore higher sensitivity is required with a 
detector.  
• Micro fabrication is still being understood – heat transfer, precision of 
parts and accuracy when manufacturing high numbers of chips.  
The conceptual design idea for this chapter was to integrate an illumination 
source into a microfluidic chip design and understand how the optical properties 
would be affected.  
 
Figure 6.1-1. Initial conceptual idea of how I0 will convert into IF 
 
Figure 6.1-1 gives a simple schematic drawing of how the principle illumination 
source would be built into a microfluidic chip or lab-on-chip idea.  
I0 I 
IF 
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Figure 6.1-1 shows how the whole fluorescence system would interact with the 
integrated illumination source. A sample would be held in the middle of the 
illumination channel. At the point of illumination, a lens would then collect the 
emission light from the sample and focus it towards a detector above.  
To place the sample within the illumination sight, a capillary may be added into 
the centre of the chip that would be perpendicular to the illumination channel. 
This would then allow for more than one illumination point on the sample and 
lead to future multiplexed detection.  
 
Figure 6.1-2 Schematic of  illumination excitaion (the red line) and the 
fluorescence emission (the green line). 
One of the main differences between the ‘style’ of the FD seen in Chapter Four 
and Five compared to this chapter, as shown in figure 6.1-2, is the angle between 
the illumination source and the photodetector. In Chapters Four and Five the 
angle was between 30˚ and 35˚, whereas in this chapter an MFD was designed for 
right angled fluorescence detection. One primary advantage of using a 90˚ angled 
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set-up is that less of the excitation wavelength is received by the photodetector, 
therefore, it would be hypothesised that this would increase the sensitivity of the 
MFD system.  
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6.2 Simulations 
Simulations carried out using Zemax optical simulation software package 
provided a platform to: 1) understand how light would interact with a cavity 
within a microfluidic chip, 2) understand the energy losses if a capillary was 
used to carry a sample through the microfluidic chip. 
6.2.1 Refractivity and Reflectivity of a Capillary  
These simulations provided critical parameters for the design phase of 
microfluidic chip with an integrated illumination source. The simulations were 
carried out on different pipe diameters and lengths. The purpose of simulating 
different sizes was to understand the size limits, in order to illuminate a sample 
at the end of the pipe and provide enough energy to release a fluorescence 
emission.  
 
Figure 6.2-1. Simulation of a converging illumination source traveling through a 
reflective tube. 
The simulation was set up using an illumination source set at a single 
wavelength of 635nm. The placement was so that the illumination source 
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focussed, then started to diverge once again at the pipe entrance, giving a more 
realistic simulation environment. The square pipe was set at a range of sizes 
from 3mm to 7mm in length and 0.5mm to 2mm diameter.   
The simulations showed that the sizes required for the configuration phase were 
within the size limits of the illumination source, allowing for enough energy to 
pass through onto the sample and provide a fluorescence emission. Figure 6.2-1 
and Figure 6.2-2, show a pipe simulation of the required sizes for the 
configuration.  
It was also of interest to how much scattering would be caused at the end of the 
pipe – ensuring the sample was well saturated with illumination light.  
 
Figure 6.2-2 Simulation of a converging illumination source travelling through a 
reflective tube and onto a detection plate. 
Some scattering was observed; however this would be useful in order to excite a 
larger area of a sample.  
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6.2.1.1 Energy Transfer of Light Through a Capillary Wall 
Within the microfluidic chip configuration, a flow of a liquid sample is required; 
this poses a challenge due to a capillary being needed to house the liquid sample 
within. The challenge comes from the interaction between the illumination 
source wavelength and the capillary walls. As the light passes through the 
capillary wall, energy is lost through the changing from one medium to the next. 
Another challenge also understands how the light would refract through the 
capillary wall and hence interact with the sample.  
The square capillary being used has an ID of 0.5mm ± 10%, the capillary walls 
have a 0.1mm thickness. The material of the capillary is BK7 glass. A simulation 
was set up similar to Figure 6.2-1 and Figure 6.2-2 – however the energy 
distribution of the illumination source once it had passed through the capillary 
was simulated.  
 
Figure 6.2-3 Energy distribution without a BK7 capillary 
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An initial simulation was set up without the capillary wall to travel through. This 
allowed for a direct comparison once the capillary wall was added into the 
simulation environment. The results shown in Figure 6.2-3, provide data that 
shows what the energy distribution on the illumination source on the sample 
would be, without a capillary wall. 
The power being inputted from the illumination source was set at 1 Watt. From 
the simulation shown in Figure 6.2-3, the total power recorded at the sample 
plate was 1 Watt, proving 100% of the energy was reaching the sample plate 
without the capillary wall in the simulation environment.  
 
Figure 6.2-4 Energy distribution with a BK7 capillary 
A second simulation environment was created with a BK7 capillary wall of 
thickness 0.1mm in place between the illumination source and the sample plate. 
Figure 6.2-4 shows the results from this simulation. The total power shown is 
0.985 Watts, compared to the 1-Watt input from the illumination source.  
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With the use of a 0.1mm thickness BK7 capillary, it can be expected that the total 
power to reach the sample was 98.5% of the total given by an illumination 
source.  
6.2.2 Fluorescence Detector Layout  
For successful excitation of a fluorescence sample, an illumination source must 
be placed in the correct position. Two key parameters to understand are distance 
from the assay sample as well as the angle of the illumination light. To maximise 
efficiency, the beam angle and distance from the assay of the illumination source 
should be adjusted.  
Two outcomes were tested based on the manufacturing techniques taken in 
fabricating the MFD, BK7 capillary and Gold (Au) capillary.  
Snell’s Law was used to calculate the incidence angle at which total internal 
reflection would occur at, for both the BK7 capillary as well as for the Au coated 
micro-channel. All calculation assumes, a perfect surface, and therefore random 
scattering affects can be ignored. For these calculations the ray is passing 
through air and into the BK7 or Au, therefore n1, n2air and n2Au are 1, 1.51 and 
0.27 respectively.  
If the light was to pass from the BK7 capillary into air, then the critical angle 
would be 41.47˚. The same calculations were completed for Au - the critical angle 
was15.67˚.  
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6.3 Si Wafer Design for Fluorescence System.  
6.3.1 Mask-less Lithography Design  
The use of a mask-less lithography design allows for a radiation focussed narrow 
beam to directly write an image onto a photoresist material. The image can be 
written either pixel by pixel or a few pixels at a time, depending on the accuracy 
required for the application. A more traditional method involves a 
photosensitive emulsion to be projected or transmitted through a photo-mask.  
The anisotropic wet etching process used for fabrication, was a thirteen-step 
process. The design required two 3’’ Si wafers with a thickness of 750um each. 
The design featured a micro-capillary for an immunoassay to pass through – this 
formed the critical size parameters of the etch depth. Using Equation 6.3-1, the 
etch depth, D could be established: 
𝑊 =
2𝐷
𝑡𝑎𝑛𝜃
+ 𝐶𝑎𝑝𝑖𝑙𝑎𝑟𝑦 𝑤𝑖𝑑𝑡ℎ 
Equation 6.3-1: Capillary width 
 
Figure 6.3-1. The crystalline structure and plane layout of a Si wafer 
Chapter Six. 
 167 
In the case of equation 1, D = 0.5*capillary width, θ = 54.74. It was calculated 
that the etching width should be 1194.91um ± error. The design featured an 
etching width of 1300um, due to the crystalline structure shown in Figure 6.3-1. 
The crystalline structure and plane layout of a Si wafer meant a standard TMAH 
etch was conducted at 80 ⁰C. 
6.3.2 Tanner L-Edit Designs Wafer Design  
Tanner L-edit is a tool that can be used to represent mask design for the 
fabrication of integrated circuits or other applications. Different layers can be 
built up on each design to represent the important fabrication processes needed 
to manufacture a product.  
The software allowed for each manufacturing process to be created within a new 
layer. This allowed the design to be built up systematically and without any line 
up errors. Each layer was depicted by a new colour or pattern. Some of the layers 
were:  
• Etching pattern, 
• Gold sputtering pattern, 
• Bonding accuracy ruler pattern,  
• Alignment mark pattern. 
Tanner L-Edit allows for a single chips to be designed layer by layer allowing for 
a design to build up precisely in line. Two different chips were designed:  
1. Chip 1 had a second etching process that allowed for holes to be etched 
into the design, providing an escape for the fluorescence light to travel 
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through and into a photodetector. The chip was then coated in Gold and 
then bonded through metal to metal bonding. 
2. Chip 2 had one etching process and then went through additional 
processes to bond two chips together. The chip was then coated in Gold 
and bonded through metal to metal bonding.  
Both chips started with the same layout. A capillary section was etched to allow 
for a capillary width of 0.7mm. The capillary was to be placed between two chips 
to create a channel for a sample to flow through. Each chip also had four 
channels for an illumination source to travel through and onto the sample. This 
would allow for future multiplexed detection to occur if needed.  
(a) (b)  
Figure 6.3-2 Single cell design for chip - (a) chip (1) and (b) chip (2)  
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Figure 6.3-2 shows both Chip 1 and Chip 2 in the final design phase. As shown, 
both Chips have the capillary section from top to bottom and four channels 
perpendicular to allow for the illumination. With both designs there are also two 
alignment markers and a Vernier scale ruler.   
Both alignment markers were purely put in place for the positioning within each 
machine used. By placing the alignment markers on the chip design, each chip 
could be aligned separately and with more precision. The main alignment 
marker can be seen in Figure 6.3-3. 
 
Figure 6.3-3 Alignment marker for each machine with in the process 
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Figure 6.3-4 The Si Wafer containing the chips 
A standard Si wafer would have the following dimensions: 3” diameter and a 
thickness of 375um. However, for this application a larger Si wafer was used. A 
larger wafer was used for two reasons: 
1. A thicker wafer was needed in order to fit a square capillary into 
the design. 
2. By having a larger diameter, more chips could be fabricated and 
tested for a more complete proof of concept.  
A total of 84 chips could be fabricated at any one time, shown in Figure 6.3-4.  
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6.4 Fabrication 
A number of feasible manufacturing techniques exist for medical manufacturing; 
however, there are bottlenecks and challenges when focussing on 
miniaturisation and integration, specifically within POCT systems. For such 
systems, scalability and repeatability are driving the focus of this research 
towards using anisotropic etching of Si wafers, using TMAH – aiming for a fully 
integrated microfluidic chip with an illumination source.  
Etching is a micro-fabrication method where chemicals are used to remove 
layers of material from a wafer. Traditional etching methods require parts of the 
wafer to be protected by the chemical etchant – this is known as masking. Two 
types of masking can occur: 1) a durable mask such as silicon nitride can be 
placed into the wafer to protect the areas that do not want to be etched and 2) a 
photoresist material can be patterned onto the wafer using photolithography.  
With any etching process a cavity is etched into a material, the depth of the 
material etched will depend upon: the type of etching used, the width of the 
cavity to etch and the etching time or etching rate of the material.  
6.4.1 Anisotropic Wet Etching  
Anisotropic wet etching of Si, also known as orientation dependant etching, has 
very different etching rates depending upon which crystal face is exposed. 
Single-crystal materials, such as Si, can allow for very high anisotropy. When 
using an alkaline etchant, such as TMAH, the following chemical reaction occurs: 
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Si + 4H20 ⟶ Si(OH)4 +2H2  
Si has three crystal faces available to etch onto, these are known as: <100>, 
<110> and <111>. If a square hole were to be etched into a Si wafer through 
the <100> plane of the crystalline structure, etching would create a slope 
orientated along the <111> plane. The angle of this slope for Si is known to be 
54.7°. 
An overview on the fabrication process is as follows: 
Chip 1: 
• Coat the wafer in Si02. 
• Coat the wafer with a photoresist through photolithography. 
• Etch through the Si02 and photoresist. 
• TMAH Etch the Tanner L-Edit into the Si Wafer.  
• Recoat wafer with photoresist.  
• Dry etch through the middle of the channel in the wafer.  
• Remove the photoresist.  
• Coat the Si Wafer in Gold. 
• Bond the chips together.  
Chip 2: 
• Coat the wafer in Si02. 
• Coat wafer with a photoresist through photolithography. 
• Etch through the Si02 and photoresist. 
• TMAH Etch the Tanner L-Edit into the Si Wafer.  
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• Coat the Si Wafer in Gold.  
• Dice the wafer into individual chips 
• Bond the chips together.  
Although two wafers were manufactured with different chip designs, each wafer 
was used with the other wafer to form a complete chip. Figure 6.4-1, shows the 
details of the fabrication steps. 
 
Figure 6.4-1 15 step fabrication process of Si wafer into chips 
A Samco PD-330STLC was used to coat the Si Wafers in a layer of Si02. The Samco 
PD-330STLC is capable of coating Si wafer’s up to a 12" diameter. The Samco PD-
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330STLC allows high-speed deposition of stress-free SiO2 films at temperatures 
from 80~300°C.  
Six wafers were placed into the Samco PD-330STLC inside a holder. One by one, 
the wafers were taken to an internal compartment to be coated. Each wafer took 
20 minutes to be coated correctly.  
 (a)   
(b)  
Figure 6.4-2 Before (a) and after (b) the Si02 coating process of the 7" wafers 
Figure 6.4-2 shows a single wafer before and after the Si02 coating had been 
applied.  
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Both sides of the wafer were coated with the Si02 coating. This enabled the wafer 
to be protected on the underneath from the TMAH etching process further down 
the process line. Without the underside being coated, the wafer would be etched 
away from both sides and therefore depending on the etch time and depth the 
wafers would be ruined. 
Once the wafer had been coated, the etching could begin. Figure 6.4-3 shows 
each chip after a gold coating had been applied.  
 
Figure 6.4-3 Final Si wafer with 84 chips after a coating of Gold had be applied 
Figure 6.4-4, shows samples of both the bottom and top of the chips left 
unbonded to measure the surface and understand the final form and surface 
roughness of the chips. In addition, there was a set of chips that were left 
unbonded and not coated in gold. It was of interest to understand if by coating 
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the chips in gold, the surface roughness or form was changed and if so by how 
much.  
 
Figure 6.4-4 The completed SiC microchips for testing. 
6.4.2 SLA Prototype Development Housing 
Although SLA was shown to not be compatible for POCT fluorescence detection, 
it is still a viable option to be used as a housing for all other components. Based 
on Chapter five, a protype was developed to house the optical configuration in 
such a way to enable testing of the fabricated micro-channel chips.  
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Figure 6.4-5. Explored schematic of the MFD, showing the working areas of 
importance. 
Figure 6.5-5, shows the outcome of the designed protype for testing of the 
fabricated micro-channel chips. Three illumination areas allow for multiple 
illumination points with in the MFD. In addition, two photodiode insertion points 
allow for multiple testing of different photodiodes in the set-up.  
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6.5 Results 
6.5.1 Simulations 
Critical parameters were determined, such as size and material of a micro-
channel, to provide a more suitable design solution to enable the excitation 
source to penetrate through a micro-capillary and excite a fluorescent labeling 
sample to produce an emission wavelength to be detected.  
Simulations based upon an LED with a beam divergence of 10°, defined the 
critical parameter of distance from micro-channel opening to the fluorescence 
sample. The results showed that to capture 100% of the beam in the micro-
channel, the LED must be within 13.5mm of the micro-channel – this is without 
the aid of a focal lens.  
Zemax simulation results showed that 98% of the illumination would be able to 
penetrate through one surface of the micro-capillary, therefore allowing 
sufficient energy to reach a fluorescein sample and produce a detectable signal  
(1) . 
Simple simulations using Solidworks provided the critical ray path length from: 
1) the illumination source to the double convex lens and 2) the lens to the micro-
capillary for sample penetration.  
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Figure 6.5-1. Schematic of a lens focus illumination rays onto the micro-capillary. 
Figure 6.6-2 shows the completed ray trace from the illumination source through 
the fabricated chip and onto the capillary. In detail, the critical distance from the 
illumination source through to the lens should be 7.5mm. At this length, the 
illumination ray escapes the lens at 15˚ enabling the illumination ray to enter the 
fabricated chip and onto the micro capillary. This is demonstrated in Figure 
6.5-2.  
(a)  
          (b)  
Figure 6.5-2. Optimual distance for focused illumination light. 
Chapter Six. 
 180 
6.5.2 Fabrication Through Anisotropic Wet Etching 
Testing was conducted to analyse the surface properties and accuracy of the 
fabricated chips to establish the use for POCT applications. Each Si chip was 
imaged through an Alicona Finite Instrument, to determine the accuracy of the 
fabrication process. Figure 6.5-3, shows the micro–channel formed where a 
micro–capillary would be placed. The micro channel was formed through metal 
to metal bonding of Si wafer sputtered with Au. 
  
Figure 6.5-3. Image taken using Alicona Finite Instrument at magnification 130x 
The designed parameters were such that the height and width should have 
measured 0.750mm and 1.3mm respectively. The final measurements for the 
height and width were, 0.721mm and 1.397mm respectively. 
Initial results show that Si fabrication through TMAH etching provided an 
accuracy of 97%, when etching in the <100> silicon plane, which satisfies the 
design error of ±5%. However, the accuracy within the <110> silicon plane was 
93% and therefore in this case would have failed the tolerance with this plane.  
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The fabrication chip was fit for purpose for the primary objective of fitting a 
capillary of size 0.7mm by 0.7mm into the fabricated chip.   
Further investigations were conducted, in order to understand the optical 
properties of the fabrication chip through the measurements of the surface 
roughness of the fabricated parts.  
Surface roughness determines the surface topography which is used to verify the 
surfaces’ suitability for the function required. This incorporates: surface shape, 
surface finish, surface profile roughness (Ra) and surface area roughness (Sa).  
Ra is a quantitative calculation of the relative roughness of a linear profile, 
whereas Sa is able to calculate the average Ra through a surface by averaging 
several profiles.  
Table 6.5-1. Surface Roughness of Si Wafers 
Gold Coated Si Wafer 
Sa = 0.428um 
Ra = 0.341um
 
Sa = 0.361um 
Ra = 0.302um
 
Sa = 0.128um 
Ra = 0.082um
 
Non-Coated Si Wafer 
Sa = 0.182um 
Ra = 0.110um
 
Sa = 0.409um 
Ra = 0.348um 
 
Sa = 0.162um 
Ra = 0.104um 
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Table 6.5-1, shows that the surface roughness (Sa value) of the Au coated Si 
micro-channel was between 0.128um and 0.428um, with a standard deviation of 
0.020um. At the point of two micro-channels meeting within the Au coated Si 
micro-channel, the surface roughness (Sa value) was 0.361um with a standard 
deviation 0.025um. By comparison, the non-coated Si micro-channel had a Sa 
value of between 0.162um and 0.409um. From this data, it was clear that the 
additional layer of Au did not have much of an effect on surface roughness of the 
Si micro-channels. 
From this, further measurements and analysis were conducted. 2D profiles were 
taken of the areas where the two micro-channels crossed to understand how the 
anisotropic wet etching affects the surface at that point. As a comparison, 2D 
profiles were taken away from the crossing point as well.  
(a)  
(b)  
Figure 6.5-4. Zygo plots showing a 2D representation of the surface, (a) the 
crossing point between two micro-channels and (b) an individual micro-channel. 
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Both profiles were recorded over a 1387um length. The Pt value (peak to valley 
measurement) across one micro-channel was 0.513um, whereas at the point of 
the micro-channels meeting, the Pt increased to 1.9um.  
Images were taken to see how visible the effect of the anisotropic wet etching 
was on the surface of the Au and non-coated Si micro-channels. Table 6.5-2, 
shows the images at various points along the Si micro-channels.  
Table 6.5-2 Images of the Si Wafers, taken with a 18.3x zoom. 
Gold Coated Si Wafer 
   
Non-Coated Si Wafer 
   
Typically for a component to be considered to have an optic finish, it would 
require the Ra to be below 2nm, and the form error of the surface to be ¼ wave. 
The surface fabricated through Anisotropic Wet Etching, was therefore roughly 
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200x worse than a ‘typical’ optical surface. This would increase the scattering 
within the transmission section and would have contributed to not improving 
the sensitivity as compared to the FDs in Chapters Four and Five.  
6.5.3 Experimental Protocol and Set -up 
The same experiment protocol as seen in Chapter Five was used for the 
fluorescence validation of the MFD.  
6.5.3.1 SLA Integrated Housing 
As described in Chapter 5, Solidworks was used to design a housing for the 
prototyping of the MFD. 
 
Figure 6.5-5. Four views of the configured MFD housing 
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The final prototype, as shown in Figure 6.5-6, had a height 26.7mm and width of 
25mm in total. It had the ability to house three LEDs, five lenses including two 
collimating lens, two photodiodes and the fabricated Si Micro-channel.  
 
Figure 6.5-6 Engineering drawing with dimensions of MFD 
6.5.3.2 Additional Experimental Procedures 
In addition to the fabricated MFD and capillary, the following set was adopted:  
1. A micro-capillary was inserted into the Si micro-channel. 
2. Silicon tubing was linked between a syringe, pushing fluorescein into the 
micro-channel and then back out into a waste tube. 
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3. An Arduino was used to read the output from the photodiode, with the 
same electronic set-up as described in Chapter Five.  
Three main experiments were conducted:  
1. A system with no lens present. 
2. A system with a lens to focus the illumination excitation rays onto the 
sample. 
3. A system with an additional parabolic concentrator lens, to focus the 
emission rays onto the photodiode. 
The following optical components were used:  
1. 490mn, LED, ∅3mm, Roithner Laser Technology, 
2. 510 CWL Edmund Optics, Fluorscence Filter, 
3. 350nm to 850nm BPW 21, OSRAM, silicon photodiode, 
4. 45˚ 2.5mm Edmund Optics, Compound Parabolic Concentrator Lens, 
5. 6.25mm Dia, Edmund Optics, Achromatic Lens. 
6.5.4 Fluorescence Validation  
Before testing of the MFD, a baseline measurement was taken using deionized 
water. The baseline measurement was recorded with minimal ambient light and 
at a room temperature of 22˚C. All experiments were performed under these 
same conditions.  
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Figure 6.5-7 Comparison of Photodiode output vs Fluorescein concentration with 
(blue line) and without (red line) a lens to focus the LED light onto the 
fluorescein sample.  
The first experiment conducted, shown in Figure 6.5-7, was to test the system 
without the aid of any lens (red dotted line) within the MFD. The results showed 
that the system had a limit of detection of 6x10-6 Mol and a linearity of the 
measurement was 93.7%. A second experiment shown in Figure 6.5-7, was 
conducted placing a lens (blue dotted line) at the prescribed distance (7.5mm) 
from the illumination source and the micro-capillary. This improved the limit of 
detection to 6x10-7 Mol and the linearity was 99.3%. 
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Figure 6.5-8 Photodiode Output vs. Concentration (Concentrator Lens) 
The final experiment conducted, Figure 6.5-8, had both a lens between the 
illumination source and the micro-capillary as well as a parabolic concentrator 
between the micro-capillary and the photodiode. The two lenses were set 
perpendicular to each other. The limit of detection in this case matched that seen 
in Chapter Five – 6x10-8 Mol. The linearity also remained in the region of 98.0%.  
The addition of the two lenses increased the limit of detection by a factor of 100, 
however, the linearity didn’t seem to be affected by the addition of either of the 
lenses used.  
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6.6  Conclusion  
The aim of this research was to design and fabricate an MFD system through 1) 
advanced miniaturisation of a physical layout and opto-electronic component 
allocation through an optimal configuration; and 2) heterogeneous integration of 
MFD for in vitro POCT. In addition to this, the sensitivity of the MFD was tested 
and compared to the other FDs previously configured and fabricated. This 
chapter has provided an insight into the realisation of this aim. The current 
research has enabled the testing and verification of an optical layout that can 
now be further developed to increase sensitivity and work towards, a scalable 
manufacturing process, to enable cost effective manufacturing for future POCT 
MFD systems. In addition, the current MFD system would enable the possibility 
of multiplexed detection in the future.  
6.6.1 Simulation of an Integrated Miniaturised FD System 
Throughout the development of the integrated miniaturised, fluorescence 
detector, vigorous simulations through OptiCAD and Zemax software were 
completed. The information gained was fed into design platforms such as 
Solidworks CAD software. The final design also considered the requirements of a 
POCT as well as the limitations within the manufacturing process chosen, 
allowing for an optical design that could be both simulated as well as 
manufactured.  
The simulations were able to determine: 
1. Positioning of the optical components inside, 
2. Predict how the micro-capillary would affect the illumination ray, 
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3. Predict how each component would affect both the illumination ray as 
well as the emissions ray.  
The combination of OptiCAD with Zemax provided both, simple ray descriptions 
as well as photon energy losses within the system. The major disadvantage of the 
simulations was that they were set up for the ‘perfect’ system. By this, the 
surface roughness of the micro-capillary was not added into the simulation nor 
was the mis-alignment of the component due to the use of additive 
manufacturing.   
6.6.2 Fabrication Through Anisotropic Wet Etching 
The main advantage of using Anisotropic Wet Etching for the Si wafers was to 
enable future integration of the system electronics to enable full system 
miniaturisation and integration. This is still a viable option, nevertheless, 
continued improvement into the final surface finish of the Si micro-channels is 
needed.  
The Si Wafer fabrication was plane dependent and consequently this affected the 
size deviation in each plane considered. For future development, the growth 
factor of the final component vs. the designed dimension should be compensated 
for to allow for higher precision and therefore higher sensitivity of the overall 
MFD system. The growth factor in the case of MFD fabricated was: 96% in the 
<100> plane and 107% in the <110> plane. Therefore, to compensate for this 
change, the designed dimensions should be 781.25um in the <100> plane and 
1214.95um in the <110> plane.  
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6.6.3 Validation Through the Detection of Fluorescein 
Optical testing of the BK7 micro-capillary, provided data that would suggest that 
94% of the original illumination light would reach the micro-capillary. This was 
calculated from: 
1. The highest concentration tested gave a photodiode output of 90 volts,  
2. The highest photodiode response when tested with just the LED, micro-
capillary and photodiode gave a response of 135 volts, 
3. Simply just an LED and a photodiode gave a saturation response of 144 
volts.  
From these values it can be concluded, that the amount of excitation light 
travelling through the micro-capillary was 94%. This was reduced compared to 
the predicted value of 98% from the simulations. This reduction could have been 
caused to excess scattering from the higher roughness of the micro-channel 
surface.  
Table 6.6-1. Summary of results 
 Limit of Detection Linearity  
 Cy5 
 MFD no lens 6x10-6 Mol 93.7% 
MFD 1x lens 6x10-7 Mol 99.3%  
MFD 2x lens 6x10-8 Mol 98.0% 
Table 6.6-1. shows a summary of the detection limits as well as linearities of the 
MFD in different configuration. It was hypothesised that the limit of detection 
would have been higher than that of the FDs in Chapters Four and Five, this was 
not the case. The final experiment showed that the current MFD was on par with 
the current FDs of Chapter Four and Five. One major contributing factor to this 
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would be the excess scattering within the micro-channel caused by the increase 
in surface roughness compared to an optical finish.  
6.6.4 Chapter Achievements 
This chapter has provided knowledge into the following areas of: Holistic 
engineering approach to increase sensitivity of a miniaturised florescence 
detector for POCT systems. 
1. The purpose of the research conducted was to add an invaluable insight 
and understanding into the potential of the optical layout. This will be 
carried forward to allow the researcher to continue working towards a 
miniaturised integrated fluorescence detector for POCT applications, with 
a focus of using novel manufacturing techniques and materials.  
2. The surface roughness fabricated through Anisotropic Wet Etching is not 
compatible for increasing the sensitivity of a fluorescence detection 
system. Further fabrication processes would be needed to improve the 
final surface and reduce the scattering affects created.  
3. The MFD was able to match the limit of detection of the FDs previously 
tested. The linearity was slightly more stable than seen in the previous 
FDs. 
4. The development conducted in this study has provided a platform for 
future research to focus primarily on how utilising different 
manufacturing techniques can produce a higher sensitivity compared to 
the current POCT systems available.  An important step in the future of 
this research is to develop novel integration techniques that can be 
Chapter Six. 
 193 
manufactured through an already developed scalable manufacturing 
process, whilst continuing to produce reliable, and reproducible results.  
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 CHAPTER SEVEN 
 
 
 
 
 
PERFORMANCE OF A MFD - CASE STUDY 
 
“Nothing in life is to be feared, it is only to be understood. Now is the time to 
understand more, so that we may fear less.”  
 
― Marie Curie 
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7.1 Introduction 
This chapter will demonstrate the characterisation of an integrated a-Si:H 
fluorescence detector. This characterisation focuses on improving the sensitivity 
of the integrated a-Si:H fluorescence detector, through the optimisation of an 
electronic set-up, as well as attempting to reduce scattered light from the 
illumination source. The work discussed in this chapter is intended to validate 
work documented in previous chapters, and act as a comparison between the 
optical fluorescence detectors developed throughout this study, along with the 
characterisation of an additional integrated a-Si:H fluorescence detector. This 
chapter reports on an integrated a-Si:H fluorescence detector that has been 
coupled with a GaN micro-LED. The a-Si:H FD device has an integrated a-Si:H 
photodetector, a micro collection lens and a multilayer optical interference filter. 
The focus within this chapter is on the detection of fluorescein dye through the 
integrated structure, using a micro-channel.  A full characterisation and the 
feasibility of using the integrated a-Si:H fluorescence detector is verified through 
the detection of fluorescein dye as well as through the detection of streptavidin 
R-phycoerythrin conjugate bonded onto biotinylated antibody-coated 
microbeads. This characterisation is then used as a basis of comparison for work 
conducted in Chapters Four, Five and Six.   
The work carried out for this study was the characterisation of the integrated a-
Si:H fluorescence detector. All design work and fabrication had already been 
contributed by Dr T.Kamei (1, 2) of The National Institute of Advanced Industrial 
Science and Technology (AIST). 
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7.1.1 Background of the integrated a-Si:H Fluorescence Couple with a GaN 
micro-LED 
An integrated a-Si:H fluorescence coupled with a GaN micro-LED was fabricated, 
according to the previously published procedures (3). The integrated 
fluorescence sensor integrated a SiO2/Ta2O5 multilayer optical interference filter 
and a hydrogenated amorphous Si (a-Si:H) pin photodiode. The purpose of this 
research was to develop the idea of using a GaN microLED as an illumination 
source rather than a laser used previously. 
The a-Si:H photodiode (diameter 2.5mm) has a pinhole at the centre (diameter 
0.4mm) which introduced incident light from a GaN micro-LED (wavelength 
465mm) normal to a microfluidic CE device, shown in Figure 7.1-1. A micro-
channelled device is positioned 2.9mm from the photodiode. A half ball lens 
(material BK7, diameter 2mm) is positioned 1.5mm above a ZnS/YF3 multilayer 
long pass optical filter (511-600, optical density) = 5.4 at 470nm, Optoquest). 
Central on the ZnS/YF3 multilayer long pass optical filter was another pinhole 
(diameter 250mm) to allow the incidence light to travel up through the 
integrated a-Si:H detector to the micro-channel.  
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Figure 7.1-1 Schematic of the a-Si:H GaN micro LED FD 
To reduce scattering properties within the optical filter and the a-Si:H 
photodiode, a flat black paint (blot diameter 1.2mm) and a sputtered Al layer 
was applied respectively.  The addition of the BK7 half ball lens allowed the 
incidence light to travel through the normal to the micro channel. On excitation 
of the sample within the micro channel, a fluorescence emission is released. The 
BK7 half ball lens refracted the fluorescence emission so that its path does not 
cross with the incidence light but instead onto the ZnS/YF3 multilayer long pass 
optical filter and through to the a-Si:H photodiode. 
Two different microfluidic chips were used throughout the assay-based 
characterisation, Figure 7.1-1. The first microfluidic chip was used for the 
characterisation of the LED-coupled fluorescence detector using fluorescein. The 
channels where 400um wide and 100um deep. The channel had a length of 
24mm and was made from borofloat glass (Nippon Sheet Glass). The second 
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microfluidic chip was made by the same process and material but instead the 
microfluidic chip had a barrier of 80um in height and 1.8mm in length. This was 
used to trap and therefore detect the biotinylated antibody-coated microbeads. 
Both microfluidic chips where machined using a Micro-MC-2-Light milling 
machine (PMT corporation). The microfluidic chips had several different access 
holes drilled into the devices to allow for: waste, cathode and anode reservoirs. 
The fabricated plates were then thermally bonded to a blank glass plate.  
 
      (a)   
 
(b)  
Figure 7.1-2 Microfluidic chips used for detection of fluorescein. 
The integrated a-Si:H fluorescence detector was built upon a simple alignment 
fixture to increase the sensitivity of the device. The alignment fixture aligned the 
microfluidic chip with the illumination source inside the integrated a-Si:H 
fluorescence detector, as shown in Figure 7.1-3. 
Flow 100um 
Barrier 
Flow 100um 
80um 
1.8mm 
Chapter Seven. 
 200 
 
Figure 7.1-3 Photo of the POCT a-S:H FD, showing the alignment fixture. 
7.1.1.1 PMC18-1A Electronic Setup 
A PMC18-1A power supply and an ILX Lightwave precise pulsed current source 
supplied a reverse bias voltage and a voltage (respectively) to drive the LED on 
the integrated a-Si:H detector. The photodiode within the integrated a-Si:H 
fluorescence detector then outputted a voltage to a Stamford Model SR830 DSP 
Signal Amplifier (SMSA), which provided a reading. Through the SMSA, the 
photodiode output voltage was then sent to a National Instruments DAQmx 
reader, which then passed the signal onto the user’s laptop running a LabVIEW 
program. The LabVIEW software was then able to produce a plot and save any 
data observed during the test.  
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Figure 7.1-4 Diagram of the electrical connections with in the FD system. 
The start-up procedure for the electronic setup, shown in Figure 7.1-4, was 
important to ensure that all electronics initiated correctly to prevent a power 
surge and possible damage to the system. The start-up procedure was as follows: 
1. Make sure no cables are connected to the integrated a-Si:H detector.  
2. Switch on the ILX Lightwave and the PMC18-1A power supply on, using 
the main power buttons. 
3. Connect the ILX Lightwave cable to the integrated a-Si:H detector and 
press the output button on the ILX Lightwave, this will then output a 
voltage to the LED in the FD, allowing them to power up (do a visual 
check to ensure that the LED is turned on).  
4. Press the output button on the PMC18-1A, and then connect the cable to 
the integrated a-Si:H detector  
 FD 
ILX Lightwave SMSA 
PMC18-1A 
Power Supply 
DAQmx 
Computer with 
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5. Switch on the SMSA and connect the cable to the integrated a-Si:H 
detector.  
6. Connect the DAQmx to a power supply and also start up the LabVIEW 
program, only when the DAQmx has the ‘ready’ light sequence can it be 
plugged into a user’s laptop.  
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7.2 Experimental Protocol 
7.2.1 Fluorescein Characterisation of the Integrated a-Si:H Detector 
The primary aim for characterisation of the integrated a-Si:H detector was to 
configure the system to optimise the limit of detection and linearity of the 
configuration. This was achieved by modifications of the electronic setup so that 
a stable and thus reliable output was achieved. The parameters that were 
adjusted were: 
• Time constant: controlled through the Stamford SR830 dual pulse lock-in 
amplifier, 
• LED current: controlled through the ILX Lightwave, 
• Time period: controlled through the PMC -18-1A DC power supply, 
• Duty cycle: controlled through the PMC -18-1A DC power supply, 
• Frequency: controlled through the Stamford SR830 dual pulse lock-in 
amplifier, 
• Flow rate: controlled through the Harvard PHD 2000 Infusion system. 
Initial characterisation was performed with a range of concentrations of 
fluorescein dye (30uMol to 0.3uMol). A TAE buffer was used as the dilution 
solution, containing a mixture of: tris base, acetic acid and EDTA.  
The a-Si:H photodiode was connected to a power supply (PMC18-1A) providing 
1V to optimize carrier efficiency. A lock-in amplifier (Stamford Model SRB30 
DSP) was digitalised and filtered (300ms) and synchronized to the photocurrent. 
An ILX lightwave powered the GaN micro-LED. National Instruments LabView 
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(NI-DAQ 6024E) provided data acquisition. In addition, a pump was used to 
provide a continuous flow of the sample through the micro-channel, reducing the 
effects of photo bleaching of the sample. 
Alignment of the micro-channel was critical to enable highly sensitive detection. 
Fluorescein dye (3uMol) was flushed through the micro-channel, a constant flow 
was established. In detail, the alignment protocol of the 78mm long by 50um 
deep channel consisted of: 
1. The micro-channel being flushed with TAE buffer ensuring all 
fluorescein dye was removed, from previous characterisation 
experiments.  
2. Fluorescein solution (3uMol) was flowed through the microfluidic 
device at a constant flow rate (10mL/min).  
3. The microfluidic device and FD module were aligned using a 
micromanipulator to optimise the fluorescence signal. Once an 
optimised signal had been stabilised then the micro-channel was 
aligned.  
4. Following alignment, the microfluidic channel was flushed with 
1×TAE buffer, ensuring that all fluorescein dye was removed as seen 
in step 1. 
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Figure 7.2-1 Example of photodiode response during alignment. 
Figure 7.2-1, shows the graphical representation of the micro-channel alignment. 
Initially the micro-channel shows stable alignment. After a period of time, the 
micro-channel was moved into and out of the alignment position. The micro-
channel was then returned to a stable alignment. This procedure was followed 
for each new experiment to confirm the alignment of the micro-channel to the 
illumination source and therefore maximising the detection potential.   
7.2.1.1 Calculation of Limit of Detection  
When moving forward from a proof of concept to a detailed characterisation of a 
fluorescence detector, the LOD can be more accurately calculated through the 
‘Signal to Noise (S/N)’ ratio. Typically, SNR is the comparison between the level 
of the desired signal to the background noise around it. Often SNR is defined as 
the ratio of power and described in decibels. When the ratio is higher than 1:1, it 
can be stated that the signal is stronger than the noise surrounding it. It is widely 
accepted that a SNR = 3 or 2:1 is considered acceptable for estimating a limit of 
detection.  It can be defined simply as: 
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𝑆𝑖𝑔𝑛𝑎𝑙 𝑡𝑜 𝑁𝑜𝑖𝑠𝑒 𝑅𝑎𝑡𝑖𝑜 =  
𝑃𝑠𝑖𝑔𝑛𝑎𝑙
𝑃𝑛𝑜𝑖𝑠𝑒
 
Equation 7.2-1: SNR by definition 
Alternatively, SNR can be described as the reciprocal of the coefficient of 
variation, in other words, the ratio of the mean expected value to standard 
deviation.  
𝑆𝑖𝑔𝑛𝑎𝑙 𝑡𝑜 𝑁𝑜𝑖𝑠𝑒 𝑅𝑎𝑡𝑖𝑜 =  
𝜇
𝜎
 
where 𝜎 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 
where 𝜇 = 𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑖𝑔𝑛𝑎𝑙 𝑟𝑒𝑐𝑖𝑒𝑣𝑒𝑑 
Equation 7.2-2: SNR Ratio alternative 
Standard deviation is a standard protocol in measuring the deviation in a set of 
data, and therefore in this case, it was able to show the stability of the 
measurements made.  
The limit of detection was calculated by firstly calculating the SNR: 
𝑆
𝑁
 𝑟𝑎𝑡𝑖𝑜 =  
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
2 𝜎
 
where 𝜎 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 
Equation 7.2-3: SNR 
Once all the SNR values had been calculated, they were then plotted against the 
fluorescence intensity from each corresponding experiment.  
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Figure 7.2-2 SNR vs. Fluorescein Concentration 
The limit of detection requires further understanding relating to the SNR for 
determining detection limits. The approach taken for this study was: 
1. The S/N ratio was calculated as shown in Equation 7.2-3. 
2. A plot of the S/N ratio against fluorescein concentration was plotted. 
3. The equation of the plotted data was calculated. 
4. The x multiplier was then used in the following equation: 
𝐿𝑖𝑚𝑖𝑡 𝑜𝑓 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 =  
3
𝑥 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑒𝑟 (𝑓𝑟𝑜𝑚 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛)
 
Equation 7.2-4: Limit of Detection 
 
y = 841525x0.7712
1
10
100
1000
1.00E-07 1.00E-06 1.00E-05 1.00E-04
Si
gn
al
 t
o
 N
o
is
e 
R
at
io
Fluorescein Concentration Mol
Limit of Detection: Example
Chapter Seven. 
 208 
7.2.2 Reduction of Scattering for the Integrated a-Si:H Detector 
One issue that arose with this integrated a-Si:H FD, was that the vertical layout of 
the illumination source to the photo-detector, increased the noise level. This is 
shown in Figure 7.2-3.  
(a)  (b)  
Figure 7.2-3 Diagram showing the concept of the integrated a-Si:H FD 
Figure 7.2-3 (a) shows the predicted light rays without the presence of the 
additional prism. It shows that once the illumination source releases the light 
rays (shown in orange), it penetrates through the micro-channel and into the 
fluorescein sample. Partial fluorescence emission is lost to the outside 
environment, but enough is then sent in the direction of the photodetectors 
(shown in red). The issue arises when ambient light from the environment also 
enters in to integrated a-Si:H FD module (shown in blue). This light decreases 
the SNR and therefore decreases the sensitivity of the integrated a-Si:H FD 
module.  
Figure 7.2-3 (b) shows the predicted light rays, once the prism is present on the 
integrated a-Si:H FD module. All elements from the point of the illumination 
source, remain equal to Figure 7.2-3(a). The only difference is from the 
Illumination 
Source 
Photodiode 
Microfluidic 
Chip 
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perspective of the ambient light. The ambient light that is travelling towards the 
integrated a-Si:H FD module, passes through the prism and is reflected away 
from the integrated a-Si:H FD module - increasing the SNR. The new integrated a-
Si:H FD module is shown in Figure 7.2-4.   
 
Figure 7.2-4. Photo of the integrated a-Si:H FD module with the additional prism 
The prism shown in Figure 7.2-4, was incorporated for refracting the 
illumination light at 90˚ from the source of illumination. Typically, a right-angled 
prism, such as the one illustrated, is used within imaging optics. However, for 
this characterisation, it was used to refract the illumination light away from the 
microfluidic chip after passing through it once in addition to refracting ambient 
light away.  
7.2.3 Bioassay Validation of the Integrated a-Si:H Detector 
For the Bioassay experiments, a strict protocol was followed. A PBS-BSA 0.1% 
wash was flushed through the micro-channels after each use to ensure the 
removal of previous fluorescein dye. Biotnylated antibody conjugated beads 
were added into the micro-channel then flushed once more with PBS-BSA 0.1%. 
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Either Strepvidin R-plycoerythrin (SAPE) 10mg/mLitre or Strepvidin – FITC 
(FITC) was then flushed through the beads within the micro-channel.  
Off-chip preparation of mouse IgG between two layers of antibodies, i.e. capture 
and detection antibodies, was immobilised on microbeads to test the 
applicability of the LED-coupled integrated a-Si:H FDFD module to sandwich 
enzyme-linked immunosorbent assay.  The micro-beads were used as the 
platform for the enzyme-linked immunosorbent assay in order to increase the 
surface area for the excitation wavelength to release the emission wavelength.  
In preparation for the bioassay validation, the microfluidic channel was designed 
with a 80um-deep barrier structure that was used to trap microbeads with a 
diameter of 45 um.  Prior to the experiment, the microfluidic channel was 
prepared in the following way: 
1. The microchannel was flushed with 1 PBS/0.1% BSA buffer to ensure the 
removal of previous fluorescent dye or other contaminants.   
2. Biotinylated antibody-coated microbead solution (2.5×105 particle/mL, 
2 uL) was added to the microfluidic channel and trapped in the barrier of 
the microfluidic channel,  
3. The microchannel was then flushed with 1×PBS/0.1% BSA (200–250 uL) 
at a constant flow rate of 10 uL/min.   
4. Finally, SAPE (20 ug/mL) was forced through the biotinylated antibody-
coated microbeads trapped within the microfluidic channel at a constant 
flow rate of 10 uL/min, followed by 1×PBS/0.1% BSA at the same flow 
rate.  
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7.3 Results and Discussion 
The results of this study do not comment on the fabrication or design parameters 
of the integrated a-Si:H detector, but instead the completed characterisation. 
There are four main areas of research to discuss in this chapter: 
1. Validation of the PMC18-1A electronic setup, 
2. Characterisation of limit of detection for the integrated a-Si:H FD module, 
3. Characterisation through reduction in scattering for the integrated a-Si:H 
FD module, 
4. Bioassay detection for the integrated a-Si:H FD module. 
7.3.1 Validation of PMC18-1A Electronic Setup 
Multiple tests were completed to understand the sensitivity within the PMC18-
1A electronic setup. There were 10x different settings tested and the best 
settings were determined through: 
1. The limit of detection 
2. The linearity of the detection 
3. The repeatability of the tests conducted 
Each experiment was conducted following the protocol described in section 7.2.1 
of this chapter. The range of values tested are shown in Table 7.3-1. 
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Table 7.3-1 Parameter ranges characterised. 
 
 
 
 
 
Initially, the experiment was set up using ‘best guess’ values of:  Time constant = 
300ms, LED current = 40mA, Time Period = 300ms, Duty Cycle 50%, Frequency 
= 1.6kHz and Flow rate of 5mLitre/Minute.  
The simplest change that was made early on, was to increase the flow rate from 
5mLitre/minute to 10mLitre/minute. The reasoning behind this change was due 
to photobleaching: this phenomenon is the photochemical alteration to a 
fluorescence molecule in such a way that renders the molecule unable to 
fluoresce. This then affects the sensitivity of the measurement as the 
fluorescence emission is ceased before it can be detected. The increase in the 
flow rate increased the linearity of detection by 16%, the limit of detection 
however remained the same.  
The LED current was altered from 40mA to 20mA. This was to examine if a lower 
powered LED could be used in the future. The results suggested that no 
improvements occurred, nor did the results worsen in respect to linearity and 
Parameter Range of values tested 
Time Constant 3s -300ms 
LED Current 20mA - 40mA 
Time Period 300ms 
Duty Cycle 50% 
Frequency 166Hz - 1.6kHz 
Flow Rate 5mL/min - 10mL/min 
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limit of detection, however the repeatability of the test suffered. It was 
determined that the LED current should remain at 40mA.  
The next parameter to be tested was the time constant. The time constant was 
changed from 300ms to 3ms for an initial comparison. The change saw an 
increase in the limit of detection; however the linearity of the measurement was 
significantly affected. The next test setting of the time constant was to increase to 
450ms, this showed the same results as 3ms. The most repeatable and stable 
time constant parameter was 300ms.  
Table 7.3-2 Optimised parameter values used for characterisation of the a-Si:H 
FD 
Parameter Most stable values 
Time Constant 300ms 
LED Current 40mA 
Time Period 300ms 
Duty Cycle 50% 
Frequency 1.6kHz 
Flow Rate 10mL/min 
7.3.2 Determination of Detection Limits 
To characterise the integrated a-Si:H FD module, fluorescein was used alongside 
a TAE buffer solution. The solution was pumped through a micro-channel at a 
rate of 10mL/minute. A range of fluorescein concentrations were tested from 
30uMol to 0.3uMol. A background measurement was taken and showed an 
average of 148nA for an LED current of 40mA and a duty cycle of 50%. 
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In total, sixteen separate tests were completed on different days. For each test, 
the room in which the experimental equipment was conducted, was kept at a 
constant 22˚C. Before each test, the fluorescein was freshly made and brought up 
to room temperature before starting the experiments – even the alignment was 
completed with everything at a constant room temperature.  
7.3.2.1 Limit of Detection without the Addition of a Prism 
The limit of detection for each experiment was calculated through firstly, 
plotting the  SNR as shown in Figure 7.3-1. Figure 7.3-1, shows the SNR against 
the fluorescein concentrations tests. For study and characterisation, the noise 
ratio is defined as N = 2 𝜎, and the LoD = S/N =3dB.  
 
Figure 7.3-1. Graph for calculating the Limit of Detection without the addition of 
a Prism 
• The red line equation = y = 9e+06x0.9089 with a LOD = 7.48x10-8Mol 
• The blue line equation = y = 4e+06x0.8224 with a LOD = 3.57x10-8Mol 
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• The green line equation = y = 1e+06x0.7394 with a LOD = 3.39x10-8Mol 
The LOD when SNR = 3 for the fluorescein samples tests, showed an average of 
36nMol. The limit of detection for the integrated a-Si:H FD module was not the 
highest that has been seen, however it was still enough to characterise the 
integrated a-Si:H FD module and validate the electronic set-up of the system.  
The lower than expected limit of detection may have been due to: a high 
background photocurrent, disparity between LED wavelength (465 nm) and 
excitation wavelength of the fluorescein (490 nm) or even lack of directionality 
of the LED. Another factor that could have affected the LOD could have been the 
background level. This was verified through multiple measurements and was 
cross checked through the experiments, the background photocurrent was larger 
than the measured fluorescence signal. 
The background signal was far larger than the fluorescence emission signal 
produced by the integrated a-Si:H FD module. This then can weaken the signal 
effect and make it more sensitive to other changes with the integrated a-Si:H FD 
module. The mismatch of the LED wavelength to excitation wavelength also 
meant that the maximum possible fluorescence emission strength was not 
possible. Referring to Chapter Two and research into POCT, the Jablonski 
diagram describes how fluorescence emission is created; it requires the energy 
from a certain wavelength to release the fluorescence emission. With this 
mismatch only, a proportion of the LED illumination light could create the much 
weaker wavelength. When the LED mismatch is paired with the lack of 
directionally of the LED used, it would lead us to agree that a lower than 
expected limit of detection should be observed.  
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7.3.2.2 Linearity without the Addition of a Prism 
The results showed an average linearity of 99.5% over multiple measurements. 
With a high level of linearity, the LOD calculated can be relied upon.  
 
Figure 7.3-2 Linearity Without the Addition of a Prism 
• The red line equals 99.8% linearity 
• The blue equals 99.7% linearity 
• The green equals 99.1% linearity 
The linearity sensitivity is affected by the same parameters as the limit of 
detection: a high background photocurrent, miss match between LED 
wavelength (465nm) and excitation wavelength of the fluorescein (490) or even 
lack of directionality of the LED. Although the linearity of these experiments was 
high, the LOD was higher than expected.  
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7.3.3 Reduction of Scattering 
Using the setup that had been proven to give the best LOD and best slope 
linearity, a second test setup was performed whereby an additional prism was 
placed on top of the microfluidic channel. The setup parameters used were: Time 
constant = 300ms, LED current 40mA, Time period = 300ms, duty cycle = 50% 
and the frequency = 1.6kHz.  
It was hypothesised that the addition of the prism would reduce scattering, from 
both the illumination source as well as ambient light, and therefore increase the 
sensitivity of the integrated a-Si:H fluorescence detector. The results in fact 
rendered unstable and they neither firmly agreed or disagreed, when compared 
to the hypothesis. One out of the three tests showed an increased LOD compared 
to the average value of the integrated a-Si:H FD module without the prism with 
the same linearity. Whereas another test showed decreased LOD. 
7.3.3.1 Limit of Detection with the Addition of a Prism 
The lower than expected limit of detection led onto the addition of a prism to the 
integrated a-Si:H FD module. The purpose was to decrease the background signal 
and therefore improve the SNR.  
Chapter Seven. 
 218 
 
Figure 7.3-3 Limit of detection with the addition of a prism 
• The red line equation = y = 359335x0.7846 with a LOD = 3.37x10-7Mol 
• The blue line equation = y = 81341x0.6007 with a LOD = 4.17x10-8Mol 
• The green line equation = y = 341228x0.6819 with a LOD = 3.85x10-8Mol 
From the results shown in Figure 7.3-3, the addition of the prism had the 
opposite affect to that which had been hypothesised. The LOD on average was 
higher than that seen from the integrated a-Si:H FD module without the prism.  
7.3.3.2 Linearity with the Addition of a Prism 
The experiments conducted showed a drop in the linearity. Each experiment was 
conducted in a temperature-controlled room, with black out curtains. The 
fluorescein was removed from the fridge each day and given time to reach room 
temperature. Although these precautions were taken, small changes in any other 
factor may have led to the unrepeatability of these experiments.  
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Figure 7.3-4 Linearity with The Addition of a Prism 
• The red line equals 94.4% linearity 
• The blue line equals 98.4% linearity 
• The green line equals 97.6% linearity 
The decrease in linearity is linked to the decrease in the limit of detection. If the 
limit of detection is higher than expected than as discussed previously, the SNR 
is lower than desired. In the case of this experiment, the results suggest that 
rather than refracting the reflected illumination lights as well as the ambient 
light away from the hydrogenated amorphous Si (a-Si:H) pin photodiode, it 
refracted the light towards it. This then would increase the intensity of the light 
within the integrated a-Si:H FD module and may cause the fluorescein dye to 
become irradiated quicker and therefore the stability of the system becomes 
lowered.  
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7.3.4 Bioassay Detection 
Despite having a higher than expected limit of detection, the integrated a-Si:H FD 
module was still able to detect SAPE that binds to biotinylated antibody-coated 
microbeads, that were passed through the micro-channel and trapped at the 
barrier. This was possible due to the increase of the surface area the micro-beads 
created. Assuming that on average, a single micro-bead was 45um in diameter 
and that in theory the micro-beads would be packed against the barrier in the 
same manner as a cubic structure such as an inorganic crystal, then it can be 
approximated that 500 micro-beads were loaded into the microfluidic channel. It 
can also be assumed that the microbeads would create 31 layers across the 
1.4mm length of the micro-channel. Based on a measured spot size of the LED (to 
be spot diameters in the X and Y directions are 270um and 240um, respectively) 
then it can be assumed that due to the micro-beads taking up a larger area than 
the LED spot, the LED illumination would have irradiated a region within the 
micro-channel where the microbeads were present.  
Despite the apprehension of issues concerning the high background 
photocurrent, mismatch between LED wavelength (465nm) and excitation 
wavelength of the fluorescein (490nm) or even lack of directionality of the LED, 
it was proven that the integrated a-Si:H FD module was able to detect SAPE. 
Figure 7.3-5, shows the experimental process from the point where the 
biotinylated anitbody-coated microbeads were added into the microfluidic chip 
through to the successful detection of SAPE. 
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Figure 7.3-5 Detection of Strevidin 
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7.4 Summary  
The limit of detection of the LED coupled a-Si:H FD module was 36nMol for 
fluorescein solution, when used without the addition of the prism. The addition 
of the prism showed a drop in the limit of detection to 139 nMol. The linearity of 
the integrated a-Si:H FD module without the prism was 99.5%, whereas the 
integrated a-Si:H FD module with the prism was 96.8%. In summary, the 
addition of the prism did not improve the functionality of the integrated a-Si:H 
FD module.  
Due to a lack of directionality of LED light, it was going to be challenging to use a 
LED illumination source as an excitation source for microfluidic applications.  
Nevertheless, the system level miniaturization of this visible FD module 
combined with a low cost of GaN microLED was suited for this application of 
point-of-care testing.  
7.4.1 Sensitivity   
What this chapter has helped to realise is the complexity that comes when 
understanding how the sensitivity of a system is affected. In order to simplify 
understanding, some assumptions have to be considered. For this study of work, 
the assumptions made were:  
1. The temperature-controlled laboratory was in fact kept at the same 
temperature throughout the months these experiments were conducted - 
small variations would have occurred. It is hoped that these variations 
were small enough to not have an effect.  
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2. The backout curtains removed any outside ambient light from entering 
the experimental area. A small area was uncovered to allow for manual 
control of the waste fluorescein that exited from the integrated a-Si:H FD 
module. Each experiment was conducted at the same time of day to 
eliminate large variation in ambient light. But since these tests were 
conducted over months, seasonality changes would have had an effect.  
3. The temperature of the fluorescein: although precautions were taken, 
small variations in the temperature may contribute to small changes in 
outcomes.  
7.4.2 Verification and Validation 
What this study has done is given a comparison between the optical fluorescence 
detectors designed and fabricated in previous chapters and the integrated a-Si:H 
FD module designed and manufactured by another research group. Through the 
characterisation of the integrated a-Si:H FD module a comparison of sensitivity 
parameters between the FD’s and MFD and the integrated a-Si:H FD module 
were compared through the measurement of linearity and LOD.  
This study has verified that current point-of-care testing detection systems are 
extremely sensitive to changes within the environment. Along with this, each 
system also shows that when miniaturisation is the focus, the SNR becomes 
hindered by the background signal. As a system becomes miniaturised, the 
effects of each sensitivity parameter becomes larger.  
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7.4.3 Chapter Achievements 
This chapter has achieved:  
1. Validation of an electronical set-up to control and measure the 
performance of an integrated a-Si:H FD module.  
2. Sensitivity within the electronic set-up was defined and understood.  
3. Limit of detection for fluorescein was verified through multiple 
experiments.  
4. The addition of a right-angled prism did not prove the hypnotised results 
as hoped for. This has added knowledge into how other factors may also 
have hindered these experiments.  
5. The integrated a-Si:H FD module was able to detect SAPE that was bound 
to biotinylated antibody-coated microbeads 
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CONCLUSION 
 
“In life do the simple things well.” 
-Mr Russell. 
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8.1 Introduction 
The aim of this study was to provide background context of an in vitro FD for 
POCT systems with a focus on system sensitivity through the illustration of the 
importance of POCT applications. By doing so, thus delivering a forward-thinking 
(Holistic) engineering solution to produce robust, cost effective FD devices with 
increased functionality and higher sensitivity.  
The research work was conducted through the design and manufacture of three 
different fluorescence detection systems has successfully fulfilled the aim of the 
initial proposal, through the practical development and experiments of these 
systems. In addition, the viability of both additive manufacturing as well as 
anisotropic wet etching, for the purpose of POCT applications, has been 
concluded through the measurement and analysis of fabricated parts, as well as 
through the final testing of such systems using these methods of manufacture.  
This study has brought together three different research topics: detection, 
manufacturing and POCT systems, to understand the effects each have on the 
overall sensitivity of a fluorescence detection system.  
Future research will focus primarily on how utilising different manufacturing 
techniques can produce a higher sensitivity compared to the current POCT 
systems.  An important step in the future of this research is to develop novel 
integration techniques that can be manufactured holistically through an already 
developed scalable manufacturing process, whilst continuing to produce reliable, 
and reproducible results.  
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8.2 Evaluation of Sensitivity for Fluorescence Detection  
8.2.1 Design limitation of Fluorescence Detectors 
Any step towards designing a fluorescence detector must begin with the assay 
that the fluorescence detector will be used with. A key factor in maintaining a 
high sensitivity with a fluorescence detection system is the ability to release a 
fluorescence emission from an assay. An incorrect illumination wavelength, for 
fluorescein for example, can reduce the sensitivity of a fluorescence detection 
system by half. When FD (1) was coupled with the wavelength of maximum 
absorbency, the limit of detection improved by a factor of 10.  
There are several areas in which the FDs and the MFD can be improved further: 
1. Improve manufacturing techniques, this could include testing other 
additive manufacturing techniques, materials and processes.  
a. Improvements could involve using a manufacturing technique that 
have higher tolerances than SLA and SLS.  
2. Improve the component selections, however this may take the FD and 
MFD system away from being versatile if not ‘off-the shelf’ components 
are then used.  
a. This could involve using components with smaller bandwidths that 
are more precise to the wavelengths required.  
3. Further investigation into angle optimisation of the illumination source 
compared to the photodiode would increase the sensitivity of a FD 
system.  
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8.2.1.1 Fluorescence Detector (1) 
FD (1) was able to detect both fluorescein dye and Cy5 dye. When the 
illumination source was closely match to the maximum absorbency wavelength 
of the fluorescein (λ = 490nm) and Cy5 dye (λ = 635nm), the FD (1) was able to 
detect in the region of 6x10-8 Mol and 1.27x10-7 Mol respectively.  
Table 8.2-1Summary of FD (1) results 
 Limit of Detection 
(Mol) 
Linearity 
(%) 
 Fluorescein 
FD (1) 490nm 6x10-8 98.5 
FD (1) 490nm 6x10-8 94.2 
FD (1) 450nm 6x10-7 92.2 
FD (1) 450nm 6x10-7 88.9 
 Cy5 
FD (1) 635nm 1.27x10-7 92.4 
 In general, the linearity is above 90% except for when the illumination 
wavelength was not closely aligned with the maximum absorbency wavelength. 
The increase in linearity compared to FD (2) was most undoubtedly caused by 
increased scattering through the system.  
Although FD (1) was able to detect in the region of 6x10-8 Mol with a linearity of 
96.4% average, one major change that may increase the system sensitivity is 
through switching the LED illumination sources to Laser diodes. This would 
reduce the amount of wasted illumination wavelength being scattered through 
beam divergence around the sample instead of into the sample.  
8.2.1.2 Fluorescence Detector (2) 
FD (2) was able to detect Cy5 dye down to 1.27x10-8 Mol but this came at a cost 
to the linearity of the system.  
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Table 8.2-2. Summary of FD (2) results. 
 Limit of Detection 
(Mol) 
Linearity  
% 
 Cy5 
FD (2) 635nm 1.27x10-8 86.7 
FD (2) was affected by internal scattering of the excitation illumination 
wavelength (λ = 635nm). Some of the excitation wavelength was able to travel 
through the transmission section and onto the photodiode. There were several 
factors that could have affected this: 
1. The illumination source was set at a larger angle than in FD (1), this was 
to allow for better sample penetration but may have come at a cost of 
increased excitation scattering.    
2. The increased length of the transmission section would of enable greater 
interference through internal reflection of both the excitation and 
emission wavelength. This would have resulted in a lower through-put of 
a clean signal onto the photodiode.  
8.2.1.3 Si Micro-channel Detector 
The MFD does not show any improvement of sensitivity from the FD (1) and FD 
(2). The configuration changed from FD (1) and FD (2) towards MFD should 
have yielded a higher sensitivity.  
Table 8.2-3 Summary of Si MFD (2) results. 
 Limit of Detection 
(Mol) 
Linearity 
(%) 
 Cy5 
Si MFD 
490nm 
                6x10-8                98.0 
The lack of increasing sensitivity is concluded to have two main factors:  
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1. Maintaining the fabrication process of additive manufacturing for housing 
of the system made the alignment within the MFD system problematic. 
Once alignment was made the MFD was unable to be moved due to the 
lack of robustness of the additive manufacturing process chosen.  
2. The surface finish of the Anisotropic Wet Etched micro-channel, although 
improved from the SLA process, is still sub-optimal for optical detection. 
This could cause an increase of scattering to affect the signal to noise ratio 
within the MFD system.  
8.2.2 Comparison of FDs to MFD Configuration 
A comparison case study was performed on another style of POCT fluorescence 
detection system. For this case study the electronic set-up was optimised to 
enable the best limit of detection possible by the a-Si:H FD.  
Table 8.2-4. Summary of a-Si:H FD results 
 Limit of Detection 
(Mol) 
Linearity 
(%) 
 Fluorescein without Prism 
a-Si:H FD 3.39x10-8             99.5 
 Fluorescein with Prism 
 3.85x10-8             96.8 
 Strepvidin R-plycoerythrin 
a-Si:H FD Able to detect 
From this work, it is concluded that the electronic set-up of a system can 
dramatically affect the results of a fluorescence detector. When an electronic set-
up is not optimised, then the limit of detection and linearity can be affected. This 
was also seen in FD (2) when the switch from the National Instruments DAQPad 
to the Arduino Uno was made, the limit of detection reduced by a factor of 10.  
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Once the a-Si:H FD electronics had been optimised, the detector was able to 
detect down to 3.39x10-8 Mol. In general, the linearity of the results was better 
than that seen for the FDs and MFD. Although the illumination source was set in 
such a way that promoted the scattering of the illumination light onto the 
photodiode. The filters and lenses were put into place to reduce this scattering 
effect, which proved to be advantageous. A more robust solution would have 
been to set the LEDs to an angle that would enable to the reflected light to pass 
by the photodiode and not to directly fall onto it.  
8.2.3 Advantages of Design and Manufacturing on the Fluorescence Detection 
Systems 
Several advantages can be summarised because of the results concluded in this 
study:  
1. Since all the fluorescence detection systems, designed, fabricated and 
tested were miniaturised in size for portable utilisation, it has provided 
an avenue into POCT without the aid of a laboratory. If further work into 
manufacturing techniques is to be conducted, then it is feasible to assume 
that this work can lead onto multiplex detection for the use within 
immunoassays, therapeutic drug assays and chronic illness monitoring.  
2. Each of the components used within the fluorescence detector are all 
commercially available. The selected filters were able to remove 
background radiation and improve the sensitivity of the systems. In 
addition, the commercially available lens was able to focus the emission 
beam from the fluorescein and or Cy5 dye, to the surface of the 
photodiode. Both LEDs and Laser Diodes were able to excite the 
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fluorescent assay and produce enough emission wavelength that were 
able to pass through the transmission section within each of the 
fluorescence detection systems and give out a readable output from a 
photodiode.  
3. Additive Manufacturing and Anisotropic Wet Etching both formed 
platforms that enabled prototyping for miniaturised integrated 
fluorescence detection systems. The manufacturing techniques allowed 
for iterative development phases to produce a final design capable of 
containing sensitive optics for the detection of fluorescent assays.  
8.2.4 Drawbacks in Sensitivity 
Despite being able to detect both fluorescein and Cy5, many disadvantages to the 
fluorescence detection systems can be outlined:  
1. Each of the fluorescence detection systems showed a reduced sensitivity 
when operated in environments of high background noise, such as: 
ambient light. The filters were able to reduce this effect, but not eliminate 
it. The inadequacies in additive manufacturing particularly contributed to 
this reduced sensitivity.  
2. Although the electronic set-up was altered to amplify the photodiode 
signal, it still had shortfalls in its ability to produce repeatable stable 
results instantaneously. The data logging of the photodiode response was 
slow, therefore for each new concentration of fluorescein and or Cy5 the 
detector had to be positioned over the sample for a length of time that 
allowed the electronic set-up to output the response. In turn this may 
have led to photobleaching of the samples.  
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3. Both manufacturing techniques used produced prototypes that differed in 
size from the designed specification. In some cases, this meant that the 
optics were not held as robustly as the designed system had allowed for. 
This in turn would have reduced the sensitivity of the transmission 
section of the fluorescence detector and increased the internal scattering 
of both the excitation and emission wavelengths through the fluorescence 
detection systems.    
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8.3 Viability for POCT Applications 
8.3.1 Validation of Fluorescence Detectors 
All three of the FD system developed express the ability to detect the chosen 
assays. Due to the size configuration of these FD systems, they are well placed to 
be developed to improve the sensitivity even further and carry onto become non-
laboratory testing kits for POCT applications. Each of the detectors are best 
placed for the detection of known assays with known wavelength responses. 
Where the next generation will be led onto and where these FD systems fit, is 
within the world of multiplexed detection.  
Since each of the FD systems were configured with ‘of the shelf’ components that 
are widely available, their configuration concepts are well on the way for further 
development into a cost effective robust in vitro POCT FD system.  
Each of the FD systems stood up against the a-Si:H FD, as tested in the case study. 
Although, the FDs and MFD have shown a lower linearity as compared to the a-
Si:H FD system, the FDs and MFD were able to match the region of the detection 
limit.  
8.3.2 Proof of Concept of a Holistic Engineering Approach for POCT Systems 
This study has enabled the testing and verification of several different optical 
configurations. Each layout was aimed at improving the sensitivity through the 
improvement of the both limit of detection as well as linearity. Both additive 
manufacturing, as well as anisotropic wet etching, were chosen as fabrication 
processes to increase sensitivity and work toward a scalable manufacturing of 
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FD systems, to enable cost effective manufacturing for future POCT fluorescence 
detection systems. 
The current fluorescence detectors also showed the potential proof of concept 
for multiplexed detection of: 1) fluorescence dyes and 2) immunoassays. The 
simplistic optical layout can easily be manipulated to allow for the additional 
components required to enable multiplexing capabilities. Once again using 
additive manufacturing and anisotropic wet etching techniques initially as 
prototyping processes, has enabled the validation of sensitivity for each optical 
layout.  
The research conducted has added an invaluable insight and understanding into 
the potential of different optical configurations, components and manufacturing 
processes that can be used for the improvement of POCT application. This will be 
carried forward to allow continued research towards a miniaturised integrated 
fluorescence detector for the POCT application, with a focus of using novel 
manufacturing techniques and materials.  
8.3.3 Validation of Holistic Engineering and Sensitivity 
Initially, the holistic engineering approach model to describe the elemental effect 
on sensitivity, shown in Figure 8.3-1, was used to describe the principle links 
within this study. The holistic factors were divided into three primary factors 
and each of these was then further split into two or three secondary factors. It 
was then depicted how each of the sensitivity factors would affect each of the 
holistic factors. The initial model showed a linear relationship between each of 
the holistic factors and their effect on the sensitivity factors.  
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This study has proven that the relationship between each of the holistic and 
sensitivity factor is not that simplistic. Figure 8.3-2, shows a revised model that 
has added bi-directional arrows between each of the holistic factors. In fact, each 
of the secondary element influences each of the primary elements, the level of 
this effect is different of each combination.  
In summary, the sensitivity factors are not only weighted on their related 
primary element, but rather each element contributes to the effect in a different 
way.  
 
Figure 8.3-1 The holistic engineering approach model to describe the elemental 
effect on sensitivity (from chapter three) 
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Figure 8.3-2 Revised: The holistic engineering approach model to describe the 
elemental effect on sensitivity  
  
Chapter Eight 
  239 
8.4 Future Work for the Improvement of Sensitivity 
8.4.1 Manufacturing Processes 
Firstly, additional additive manufacturing processes and materials should be 
developed to maintain the main advantages of additive manufacturing whilst 
improving the sensitivity of a FD in vitro POCT system.  
Another manufacturing improvement should be to complete a final finished 
process after anisotropic wet etching or additive manufacturing, to improve the 
surface roughness of the substrate. There are many polishing techniques that 
could be adopted: 
1. Ball polishing 
2. Fluid Jet Polishing 
3. Small compliant bonnet polishing. 
Such techniques would be able to improve the surface roughness to below 2um 
or even sub-micron scale. In achieving this level of surface roughness, the 
scattering effects would be reduced and hence an improvement would be made 
towards a higher sensitivity FD system.  
Once a configuration has been proven to surpass all other in terms of limit of 
detection and linearity, then such manufacturing processes as injection moulding 
or CNC milling should be investigated to maintain a higher accuracy and 
therefore sensitivity of a FD system.  
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8.4.2 Improved Electrical Set-Up 
One factor that carried forward through the research was the electronic set-up 
that was used for the verification of each of the FDs. The National Instruments 
DAQPad, was able to produce a higher sensitivity within the measurements, 
however it was not well adapted for POCT applications. The opposite can be said 
for the Arduino Uno. However, neither were optimal for a POCT FD; that requires 
robustness and improves towards higher sensitivity.  
One approach to improve the electrical set-up would be to integrate a ‘time 
gating’ feature into it. This would allow for the illumination source to excite the 
fluorescence sample, then for the illumination source to be switched off. 
Simultaneously, the photodetector would be powered on to be able to detect the 
fluorescence emission. The main advantage to this is it would reduce the amount 
of illumination excitation light entering the photodetector.  
8.4.3 Multiple Assay Testing Towards Multiplexed Detection 
Additional assay testing should be continued to validate the MFD and FDs ability 
to detect multiple assay with different absorbency wavelengths. The assay of 
interest would be:  
1. Cy3 (Excitation: λ = 550nm and Emission: λ = 615nm) 
2. Cy3.5 (Excitation: λ = 581nm and Emission: λ = 640nm) 
3. Cy5.5 (Excitation: λ = 675nm and Emission: λ = 694nm) 
4. Cy7 (Excitation: λ = 743nm and Emission: λ = 767nm) 
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Choosing assays in the same family and region of wavelengths will enable further 
research and development into understanding how an FD system may be able to 
maintain sensitivity with excitation wavelength nearing to another assays 
emission wavelengths. 
If firstly, each of the MFD and FDs are capable of detecting each of the assay 
above, then a pathway towards integrated multiplexed detection is possible. 
Along with the additional testing, changes within the way a signal is measured 
would need to be revisited. For example, time gating would need to be integrated 
into the electronics and software to block out the excitation wavelength from the 
measurement emission wavelengths.  
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8.5 Summary of Research Study 
 
Figure 8.5-1 Summary of research completed for this study 
